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SUMMARY

The tree plays a major ecological role in modern cities. The management of the
plantsis the subject of requests from urban operators: the diagnosis is essentially visual,
even when the extent of internal damage and the assobiateddcannot be precisgl
evaluated by simple observation. Ultrasonic imaging methods alteweringoiological
guestions related to the adaptation of the tree to exogenous constraints, such as pathogenic
attacks, presencandtype of internal damagetheextentof degraded arraumatized areas.

The major scientific issues are linked to the image production (reconstructithre of
intrinsic parameter from a set ofmeasuremenisand to the image interpretation
(discrimination for detection of alterations and its positioning). @erall aim of this
thesiswas to develop an ultrasonic imaging method for the diagnosis ohtieal
condition of urban trees. The scientific objectives were to develop numerical models to
study the factors of influence on the propagation of ultr@aseaves in the&rosssection

of a tree and to propose an image reconstruction solution, suited for orthotropic materials,
allowing the discrimination and positioning of decay. The development of a protocol for
the acquisition, processing, analyarsd interpretation of ultrasound tomography signals
and images is of great importance for wood science. Obtaining reliable and interpretable

images is a recurring demand from urban operators.

Initially, to setup the ultrasonic chain of measurement, a comparative experimental
study was done to choose the excitation signal parameters, such as tshgueal
duration, and frequency response, and then the choice of a suitablef-filgat
determination technique. Thengwvere concerned on evaluating the influence of the
orthotropic condition of wood on the propagation of ultrasonic waves, by performing a
time-of-flight (TOF) estimation using a raytracing approach, a method used in the field of
exploration seismography to simulatavefrontsn elastic media. The anisotropy of wood
in the radialtangential plane influenced the wave velocity depending onitbetidon of
propagationthatled todeformed wavefronts compared to the perfectly circular wavefronts
for an isotropiccase. The paths from each receiver to the transmitter in the wood presented
a curvature, therefore the trajectories differed from tregittline distance obtained for
an isotropiccase. A numerical comparison was made using the Finite Elements Method
(FEM); theTOF estimatesind wavefrontagreedwith those of the raytracing approaéh

similar experimentalvalidation was performed. Wdosections from two species were

\Y



SUMMARY

tested. Defects in the wood were simulated by drilling holes. The shape of TOF curves
computed using the raytracing algorithm and those obtained from the experiments were in
good agreement. Defects located in the centteofrunk presented larger TOF variations
compare to defects located in-@fntered positions. Thus, aféntered defects would be

more difficult to determine and characterize by tomographic inversion.

Then, we were interested in the influence of the warbldotropic condition on the
tomography image reconstruction process (inverse problem) and how it should be adapted
to the standing tree constraints. For wood, the ray paths between the ultrasonic transmitter
and the receivers are not straight as forcgot media; therefore, the image reconstruction
method should be adapted to deal with curved rays. The proposed method considers the
orthotropy property of wood material, performing an iterative process that approximated
the curved rays. A slowness furmetiwas defined for every pixel and a nonlinear regression
allowed the mapping of the inner elastic constants. Initially, four numerical configurations
were tested representing real cases usually found in standing tree monitoring. The
reconstructed imagessimg the proposed method were compared with a streaght
reconstruction method (filtered back projection algorithm), highlighting a more detailed
identification and quantification of the inner state of the anisotropic structure of the trunk.
Then, the inersion procedure was tested using wood samples from two species for three
different configurations: a healthy case, a centered defectaraan offcentered defect
case As for the numerical studyh¢ proposed method resulted in a more accurate defect
representation when compared to a straigkitreconstruction, especially for the case of

centered defects.
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RESUME

Titre en francais Imagerie ultrasonore pour la gestiordurable et raisonnée des

arbres sur pied en milieu urbain

Les arbres urbains jouent un réle écologique, sanitaire et esthétique majeur dans les
YLOOHV PRGHUQHV &HV EpQplLFHVY LQFOXHQW HQWUH D
I'abri et nourriturea plusieurs espéces d'oiseaux et petits aninfayxptection contre la
chaleur, et la mise en valeur du paysage. Cependant, certains risques sont associés aux
arbres urbains OD FKXWH G XQ DUEUH RX GTXQH EUDQFKH S
passantsD X[ YpKLFXOHV HW DX[ KDELWDWLRQV /fpYDOXDWL
GDQV OHV YLOOHV HVW VRXYHQW |j OLQLWLDWLYH GF
essentiellement visuel, alors que I'ampleur des dégats internes et le danger associé ne
pewent pas étre évalués avec précisionlpaeuleobservation. Fréquemment, les arbres
présentant une décomposition interne semisiginis Répondre a la gestion des plantations
XUEDLQHYVY QpFHVVLWH GRQF OTXWLOLVDWhrEesOn §ttdi PpWKR
Des techniques modernes peuvent étre utilisées pour minimiser les risques associés a la
FKXWH Gdeb pragtesisignificatifs dans le matérietldagnostic ont été réalisésnsi
que dans les formules et les directives d'évaluatiomdess dangereux.

Nous avons eu l'occasiale participer ain processus d'inspection d'arbresiin,
afin d'évaluer leur niveau de dangerosité, avec un expert arboricole. Les arbres concernés
appartenaient au genRtatanus situés tout au long d'unetatoutepresde la localité de
Lodéve, diagnostic demandé par le conseil départemental de I'Hérault (France). Le
GLDJQRVWLF HVW GLYLVp HQ GHX[ SKDVHYV OffpYDOXDWL
instruments. En fonction de I'environnement loegable son importance patrimoniale, le
GLDJQRVWLF GTXQ DUEUH SHXW LPSOLTXHU OHV GHX][ Sk
Par exemple, les arbres que nous avons inspectés, et que nous pourrions définir comme
arbres d'ornement, sont normalement éwliguellement, a moins qu'ils ne présentent des
signes importants deéégradationDes techniquesistrumentéesels que le percage sont
utilisés dans ce cas. Le diagnostic doit étre ici rapide dans son exécution. Certains arbres
urbains ayant une importe@ patrimoniale élevée peuvent nécessiter une analyse plus
DSSURIRQGLH HW SOXV ORQJXH j PHWWUH HQ °XYUH [/

acoustique et ultrasonore deviennent alors des outils indispensables.
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RESUME

Les méthodes classiques de diagnostic ieteles arbres sont basées soit sur des
mesures de percage, soit sur des mesures acoustiques ou électriques ponctuelles. Ces
méthodes restent limitées, les informations fournies sont principalement locales. Les
méthodes d'imagerie permettent d'analyserlestre interne des arbres (reconstruction bi
RX WULGLPHQVLRQQHOOH VDQV DOWpUHU OHXU pWDW /fLF
GHV RQGHV pOHFWURPDJQpWLTXHY UD\RQV ; PDLV OD PLV
Une alternative aux ales électromagnétiques consiste a utiliser des ondes élastiques
(tomographie acoustique ou ultrasonore) présentant comme avantages un codt réduit et une
PLVH HQ °XYUH SOXV IDFLOH J/HV DSSURFKHV G LPDJHUL
consistent en unenwographie quantitative (bidimensionnelle dans la tres grande majorité
des cas)L'image est appelée quantitative car il s'agit d'une cartographie d'un paramétre
mécanique intrinseque du matériau (déduit de la mesure de la vitesse de propagation des
ondes DQV OD VHFWLRQ WUDQVYHUVH GH OYDUEUH DX QLY
commerciaux les plus connus utilisent des ondes acoustiques, tels que Arbotom, Picus et
JDNNRS 'HV VRQGHYV DFRXVWLTXHYV VRQW SRVLWLRQQpPHV |
marteau est utilisé pour impacter le tronc, produisant des ondes a des fréquences audibles
(inférieures a 20 kHz). Ces ondes se propagent dans le tronc et sont captées par les sondes
acoustiques. De nombreuses études ont évalué les performances de cetfsdisposi
acoustiques, soulignant différents problemese faible résolution spatiale et des images
difficiles a interpréter. L'approche par ultrasons vise a augmenter la fréquence des ondes

analysées pour obtenir des images avec une résolution spatiatephkes

La faisabilité de la tomographie par ultrasons pour la détection de la décomposition

du bois dans les arbres vivants a été évaluée dans plusieurs, ésdmsgeurs ont indiqué

TXH OHV WHFKQLTXHYV XOWUDVRQRUH\Va yRli@g\desd@SI RSULpHY\
VXU SLHG &HSHQGDQW FHWWH WHFKQLTXH WHOOH TX{X
LQFRQYpPQLHQWY O HIIHW GH OfDQLVRWURSLH GX ERLV G
SULV HQ FRPSWH OfYLPDJH R EeNeélQ Mtdssd YeNprapadation psi OD PI
imprécise (nécessité de répéter les essais), les signaux ultrasonores sont fortement atténués

OH GLVSRVLWLI H[SpULPHQWDO HVW SOXV FRPSOH[H j PHW

acoustique).

$1LQ G 9D Hap @méybpHi®) par ultrasons, il est nécessaire de prendre en
compte la complexité du matériau bois et de développer des techniques de traitement du

signal et de reconstruction d'image adaptées a cette complexité. La premiere question
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abordée est liée au probleme 4 HFW ,0 VIDJLW GH PRGpOLVHU OD
élastiques dans un milieu orthotrope a géométrie cylindrique (la section transverse du tronc
GYIXQ DUEUH /ID GHX[LgqPH TXHVWLRQ VFLHQWLILTXH FR!
l'image tomographicgy appelé probléme inverse. Cet algorithme doit prendre en compte

des rayons courbes dans un milieu anisotrope pour déterminer les propriétés intrinséques

du matériau en tout point de la section transverse du tronc. Les images ainsi obtenues
doivent étre ompareées a celles obtenues par la technigue classique utilisant une hypothese
GYLVRWURSLH

/IfpTXDWLRQ GH &KULVWRIIHO HVW JpQpUDOHPHQW X\
YLWHVVH GH Of{RQGH XOWUDVRQRUH HW OHNauSBLIDPgWUEL
La propagation des ondes dans un solide élastique anisotrope homogene peut étre décrit par
un ensemble d'équations différentielles. L'équation de Christoffel conduit a une solution
pour cet ensemble d'équations sous la forme d'ondes planesit Hali vitesse de
propagation aux constantes élastiques du matériau et a la direction de propagation des
ondes. L'anisotropie du bois dans le plan ra@iagentiel a une influence directe sur la
vitesse de I'onde en fonction de la direction de propagadtiémolution de la vitesse en
IRQFWLRQ GH OD GLUHFWLRQ GH SURSDJDWLRQ GpSHQG
différence a été constatée entre les résineux et les feuillus. La direction radiale correspond
j OD YLWHVVH G RQGH eficb d&sXramétrBsshéGardiques d@plenXadial
WDQJHQWLHO GX ERLV VXU OH FDOFXO GH OD YLWHVYV
Christoffel a été évaluégar une étude de sensibilité. Les paramétres mécaniques de six
essences de bois ont été choisianalyse de sensibilité a montré une influence plus grande
des modules de Young, suivis du coefficient de Poisson et enfin du module de cisaillement.
&HSHQGDQW FHV GHX[ GHUQLHUV SDUDPgWUHV QH GRLY
GH O 1 p T TXChvistoReQpdar résoudre le probleme inverse en tomographie (négliger

ces parametres revient a introduire un biais non négligeable).

Une étude a été réalisée pour déterminer les paramétres du signal ultrasonore
d'excitation, tels que la forme, la durée et la réponse en fréqupnisepour sélectionner
une technique de détermination du TOF. La mesure du temps de propagation es$t en effe
XQH pWDSH FULWLTXH GDQV OfH[pFXWLRQ G HVVDLV QRQ
avec une influence directe sur la précision de la détection des défauts. Un arbre vivant a été
testé en placant des capteurs (avec des fréquences de réstlena@éeiz et 60 kHz) dans

guatre positions différentes, avec cing signaux d'excitation différents et trois méthodes de
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RESUME

détection du TOF. Parmi toutes les configurations, celle qui présentait le moins de
variations sur les mesures de TOF était la combR&s G 1 X Q cHitpd@sigyaal @odulé

HQ IUpTXHQFH DXWRXU GIXQH IUpTXHQFH SRUWHXVH DYHF
signal «chirp » a été ajusté a la réponse du capteur (gamme utile autour de la fréquence de
résonance). La position des capsea eu un effet sur la mesure : lorsque l'angle de position

du capteur approchait de la direction radiale, les valeurs de TOF présentaient moins de

variabilité (la mesure était plus stable).

Un modéle numeérique a ensuite été développés O  p T X D @htisoel Goblur
simuler la propagation des ondes dans le bois et déterminer le temps de propagation (ou
WHPSV GH YRO 72) GH OYRQGH SDUDPgWUH SK\VLTXH SHI
tomographique). La méthode deaytracing» a été utilisée pawce modele. Cette méthode
est notamment employée dans la géophysique pour simuler les fronts d'onde dans les
milieux élastiques. Le raytracing? FRQVWUXLW OHV IURQWYV GTRQGH VXFF
précédents avec un pas de temps constant. L'amsottans le plan radidangentiel du
ERLVY PRGLILH OD IRUPH GHV IURQWY G RQGH SDU UDSSRU
rayons entre émetteur et récepteur sont courbes. Par conséquent, les distances parcourues

sont différentes des distances en ligratd obtenues pour le cas isotrope.

Afin de comparer et de valider les résultats obtenus avec |'approakigacing»,
la méthode des éléments finis (FEM) a été utilisée pour modéliser la propagation des ondes
élastiques dans le bois. Le modele FEM @uéith des estimations des TOF trés proches de
celles obtenues avec l'approcheayracing». Les fronts d'onde dans les deux cas
concordent et les valeurs de TOF estimées avaient une différence relative inférieure a 2%
entre les deux modeles. La méthedaytracing» est moins complexe que le modele FEM,

ce qui entraine des temps de calcul plus courts.

Une validation expérimentale du modeleaaytracing» a été effectuée sur des
disques de deux essences (chéne et frBes)défauts dans le tronc ont étéés en percant
des trous. Ces défauts ont été testés dans deux positions (centrée et excentrée) et avec trois
GLDPgQWUHV GLIIpUHQWY SRXU FKDTXH SRVLWLRQ /HV H[Sp
des profils de temps de propagation similaires a obtenus par le modele numérique.
présence des défautsntriques eu pour effedles variations de TOF plus importantes que
cellesdes défauts excentrés. Un défaut centré et de grande taille est plus facilement

détectable.



Les approches classiques dembgraphie des arbres sur pied utilisent des
techniques de reconstruction prenant en compte des trajectoires rectilignes (rayons),
comme la technique de rétroprojection filtrée (FBP) et les méthodes algébriques, comme
par exemple la technique de recondinrcitérative simultanée (SIRT). L'hypotheése des
trajectoires rectilignes produit une image biaisée (le matériau est supposé isotrope). De
plus, ces approches fournissent une cartographie de vitesse, mais étant donné que ce
parametre varie en fonction d&ngle de propagation par rapport au repéere local
GITRUWKRWURSLH OH VHQV SK\WLTXH GH O LPDJH UpVXOV

Une méthode de reconstruction d'image tomographique bidimensionnelle adaptée
au bois a été développée dandtec¢hese La méthode phqmosée prend en compte
I'orthotropie locale du matériau avec une géomeétrie cylindriglef HVW XQ SURFHVYV X\
qui reconstruit a la fois les rayons de propagation et les propriétés intrinseques locales du
matériau. Dans ce processus, une fonctioredelr (inverse de la vitesse de propagation
IRQFWLRQ GH OYfDQJOH GH SURSDJDWLRQ HVW GplLQLF
régression non linéaire permet de déterminer les constantes élastiques spécifiques

(constantes divisées par la densité) a pdes parametres de cette fonction de lenteur.

,O IDXW GTDERUG FRQVLG MNDpixéls Xadrsék pdd kbl ragdny LV p H
ultrasonoresL'objectif est d'estimer un paramétre local pour chaque pixel (la lentgur
permet par sommation le long dayon de déterminer la mesure du TOF entre émetteur et
récepteurPour un couple émettenécepteur, dont la trajectoiretraverse les pixelk, le
temps de votm peut s'écrire comme suit :

RLI  HG
pPORa&

AveClhnk OD ORQJXHXU GTXQ VHIPHQW GX UD\RQ GH SURS
les équations des couples émetta@repteurs entraine la reconstruction du parameétre
L QW H (p@leme inverse). Néanmoins, deux problemes se pogeemierementia
formulaion matricielle doit étre adaptée a la dépendance de la lenteawigsle I'angle
de propagation (linéarisation de I'équation de Christoffel), et deuxiemement, I'estimation
des vraies trajectoires (inconnues a priori) est affectée par l'anisotropieisdetda

présence de défaut.

L'équation de Christoffegstlinéarisée par une approximation polynomial&™¢5

degré). La lenteur pour le pixietraversé par un rayan est alors exprimée comme suit :

Xi
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UL Uedds EUpdls EUpdls EUpdds EUpds EUpdds

Avec km OTDQJOH GH SURSDJDWLRQ SDU UDSSRUW j OD G
GTRUWKRW UIRBLddns8queBde] 4 €olution du probleme inverse correspond a la
recherche des coefficients polynomiauyour tous les pixels. Pour résoudre I'ensemble
des équations linéaires, la méthode SIRT (technique de reconstruction itérative simultanée)
estXWLOLVpH $ILQ GIDXJPHQWHU OH QRPEUH G pTXDWLRQV
des mesures du TOF a&affectuée en considérant des capteurs virtuels situés entre ceux

d'origine (interpolation du sinogramme).

Le processus itératif démarre avec des trajectoires rectilignes. Avec ces trajectoires,
il est possible d'effectuer une premiere inversion conduisant aux coefficients polynomiaux
de lenteur pour tous les pixels. A partir de ces coefficients, le probléineet est résolu
pour obtenir une estimation des TOF et de nouvelles trajectoires. Ce processus est répété
jusqu'a ce que la différence entre les valeurs des TOF par rapport aux valeurs réellement
obtenues soit minimisée et que les formes des trajectosleslées ne varient plus.
Finalement, I'approximation polynomiale obtenue pour chaque pixel est utilisée pour
estimer les valeurs des constantes élastiques via une régression non linéaire par la méthode
des moindres carrés. Le résultat est une imagengangue des modules spécifiques
Er et Grren considérant un coefficient de PoisssnFRQVWDQW SHUPHWWDQW DL

des paramétres stables par régression non linéaire).

8QH YDOLGDWLRQ QXPpULTXH GH FHWWH PppWKRGH G
configurations numériques ont été testées représentant des cas réels généralement
rencontrés sur le terrain : (1) un tronc dans un état sain, (2) avec un trou centré, (3) avec un
trou excentré et (4) avec un défaut excentré caractérisé par un grasliprapdiétés
meécaniques. Ce dernier cas pourrait étre associé a un stade précoce de dégradation du bois
par une attaque de champignons. Les images reconstruites utilisant la méthode proposée
ont été comparées a la méthode de reconstruction classiquefakeSIRW KgVH GY{LVRWU
(FBP, rayons droits).

La comparaison des images obtenues a mis en évidence une identification et une
guantification plus détaillées de I'état interne du tronc avec la méthode proposée. La
meéthode proposée a correctement reconsawburbure des rayons. Les zones de défaut
sont mieux définies et plus visibles avestte PpWKRGH TX{DYHF OD PpWKRGH

classique par rayons droits. L'identification des défauts centrées était plus précise que les
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cas avec un défaut excentré etgnadient de propriétés quelle que soit la méthode utilisée.
Cetteméthode ne nécessite que quelques minutes de calcul avec un ordinateur portable du

commerce elle est donc adaptée au contexte des tests in situ.

La méthode d'inversion proposée a enseéitetestée expérimentalement sur des
échantillons de bois de deux essences (Glpémepour trois configurations différentes : un
cas sain, avec défaut centré et avec un défaut excentré. Comme pour la validation
numerique, la méthoddéveloppéa permis d'obtenir une représentation plus précise des
défauts par rapport a une reconstruction classique par rayons droits, en particulier dans le

cas de défauts centrés.

D'autres facteurs associés a la variabilité du bois peuvent étre inclus dans la
modelisation afin d'améliorer la fiabilité de la méthode. Par exemple, des variations de la
teneur en humidité adessus du point de saturation des fibres ou des variations de la densité
affectent la vitesse de propagation des onDess ce travajlnous avas considéré les
ondes de compression en négligeant tous les autres phénomeénes du second ordre (réfraction
sur le défaut, conversion de mode, atténuation et disperkloa)suite a ce travail serait
de SUHQGUH HQ FRPSWH OfHQVH P &e6afih Gethractéses K paBR P g Q H \
SOXV ILQHPHQW /XW L G-uIMZaVeioRnQmEg gV P povtidiRa®isi ©
étre envisagée. Le termefull @ IDLW UplpUHQFH j OYXWLOLVDWLRQ
DFRXVW L-BHit¢ san§ )¢ty deaformations potentiellement utiles. Aujourd'hui,
ces méthodes ne sont peascoredéveloppées pour le cas du bdSivisageant une
implémentation 3D de la méthode de reconstruction, une installation de transducteurs a
différentes hauteurs est nécessairecdladaptation du probleme direct aux fronts d'onde

sepropageant darla direction longitudinaleradiak ettangentielle
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RESUMEN

Titulo en espafiolfTomografia ultrasénica para la gestion sostenible y racional

de arboles erpie en areas urbanas

Los arboles urbanos desempefian un importante papel ecologico, sanitario y estético
en las ciudades modernas. Estos beneficios incluyen reducir la contaminacion del aire,
brindar refugio y alimento a muchas especies de aves y animales pequefios, prdteger con
el calor y mejorar el paisaje. Sin embargo, algunos riesgos estan asociados con los arboles
urbanos: la caida de un arbol (o rama) puede causar dafios a los transeuntes, vehiculos y
casas. La evaluacion del riesgo de los arboles en las ciudades a restdudacargae
operadores urbanos. El diagnéstico es esencialmente visual, mientras que la extension del
dafio interno y el peligro asociado no pueden evaluarse con precisiéon mediante una simple
observacion. Con frecuencia, los arboles con descomposit&ma parecen sanos. La
respuesta a la gestion de las plantaciones urbanas requiere, por lo tanto, el uso de métodos
de diagndstico internm situ para los arboles. Se pueden utilizar técnicas modernas para
minimizar los riesgos asociados con la cailarboles; ha habido un progreso significativo
en los equipa de control y diagnosticoasi como en las férmulas y pautas para evaluar

arboles peligrosos.

Tuvimos la oportunidad degarticipar erun proceso de inspeccion de arboles in situ,
para evaluar swivel de peligro, con un expertforestal Los arboles en cuestién
pertenecian al génelatanus ubicado a lo largo de una carretera en la localidad de
Lodéve, diagnostico solicitado por el consejo dighartamentale Hérault (Francia). El
diagnostico sedivide en dos fases: evaluacion visual y evaluacion especializada con
instrumentos. Dependiendo del entorno local y su importancia patrimonial, el diagndéstico
de un arbol puede implicar ambas fases o solo la evaluacion visual. Por ejemplo, los &rboles
gueinspeccionamos, que podriamos definir como arboles ornamentales, normalmente se
evallan visualmente, a menos que muestren signos significatideg@elacionSi ese es
el casq se utilizan técnicasusando instrumentosgomo por ejemplo medidas de
perforacion El diagnostico debe ser rapido en su ejecucion. Algunos arboles urbanos con
gran importancia patrimonial pueden requerir un andlisis mas profurdkmgrado
Técnicas como ldomografiaacustica y laultrasénicase convierten en herramientas

indispensables.
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RESUMEN

Los métodos estandar de diagndstico interno de arboles se basan en mediciones de
perforacion o en mediciones acusticas o eléctricas. Estos métodos son limitados, la
informacion proporcionada es principalmente local. Los métodoktdacion démagenes
tomogréaficagpueden analizar la estructura interna de los arboles (reconstruccién en dos o
tres dimensiones) sin alterar su estdfloel caso de lmaderaestas imagenes pueden
obtenewtilizando ondas electromagnéticas (rayos X), pero la imgagcion en campo es
dificil. Una alternativa a las ondas electromagnéticas es utilizar ondas elasticas (tomografia
acustica o ultrasonica) con las ventajas de un costo reducido y una implementacion mas
sencilla. Loamétodogyueutilizan ondas elastica®nsisten emnatomografia cuantitativa
(bidimensional en la gran mayoria de los cadasjmagen se llama cuantitativa porque es
un mapeo de un pardmetro mecéanico intrinseco del material (deducido de la medicion de
la velocidad de propagacion de las am@n la seccion transversal del arbol en el nivel de
sondeo). Los dispositivos comerciales mas conocidos utilizan ondas acusticapocomo
ejemploArbotom, Picus y Fakkop.ds sensoreacuUstios se colocan en contacto alrededor
del &rboly se usa un malto para impactar el tronco, produciendo ondas en frecuencias
audibles (por debajo de 20 kHz). Estas ondas se propagan en el tronco y son captadas por
los sensoresacustios. Numerosos estudios han evaluadodekempefiode estos
dispositivos acusticos, giacando varios problemas: baja resolucion espacial e imagenes
dificiles de interpretar. El enfoque de ultrasonido tiene como objetivo aumentar la
frecuencia de las ondas analizadas para obtener imagenes con una resolucion espacial mas

alta.

La viabilidadde la tomografia ultrasdnica para la deteccién de la descomposicion
de la madera en arboles vivos se ha evaluado en varios estudios; loshartoneicado
gue las técnicas ultrasénicas son apropiadas para evaluar la calidad de los arboles en pie
Sin enbargo, esta técnican su estado actutiene algunas desventajas: el efecto de la
anisotropia de la madera en la reconstruccion de la imagen no se tiene en cuenta (la imagen
obtenida estad sesgada), la medicion de la veloai#apropagacion es imprecis&g
necesario repetir las pruebas), las sefiales ultrasénicas estdn muy atenuadas (el dispositivo

experimental es mas complejo de implementareguel caso di& tomografia acustica).

Para superar las desventajas de la tomografia ultrasonica, es neessarient
cuenta la complejidad del material de madera y desarrollar técnicas de procesamiento de
sefales y reconstruccién de imagenes adaptadas a esta complejidad. El primer problema

esta relacionado con el problema directo. Se trata de modelar la propadmtas ondas
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elasticas en un medio ortotropico con geometria cilindrica (la seccion transversal del tronco
de un arbol). La segunda pregunta cientifica se refiere al algoritmo de construccion de la
imagen tomogréfica, llamado problema inverso. Esteriigo debe considerar los rayos
curvos en un medio anisotropico para determinar las propiedades intrinsecas del material
en cualquier punto de la seccion transversal del tronco. Las imagenes obtenidas de este
modo deben compararse con las obtenidas medetécnica convencional utilizando una

hipétesis de isotropia.

La ecuacion de Christoffel se usa generalmente para describir la relacion entre la
velocidad de la onda ultrasénica y los pardmetros mecanicos intrinsecos del material de
madera. La propagami de la onda en un solido elastico anisotropico homogéneo se puede
describir mediante un conjunto de ecuaciones diferenciales. La ecuacién de Christoffel
conduce a una solucién para este conjunto de ecuaciones en forma de ondas planas,
relacionandda velocidad de propagacion a las constantes elasticas del material y a la
direccion de propagacion de las ondas. La anisotropia de la madera en el plano radial
tangencial tiene una influencia directa sobre la velocidad de la onda en funcién de la
direccién de pagacion. La evolucion de la velocidad en funcion de la direccién de
propagacion depende de la especie de madera consideradabsesguna diferencia
entre las maderas blandas y las maderas duras. La direccion radial corresponde a la
velocidad de or@lmas rapida. La influencia de los parametros mecanicos del plane radial
tangencial de la madera en el calculo de la velocidad de propagacion utilizando la ecuacion
de Christoffel se evalué mediante un estudio de sensibilidad. Se eligieron los parametros
mecanicos de seis especies de madera. El andlisis de sensibilidad mostr6 una mayor
influencia de los médulos de Young, seguido glaroeficientede Poisson y finalmente el
modulo decizalla Sin embargo, estos dos ultimos parametros no deben desculdeese a
la ecuacién de Christoffel para resolver el problema inverso en tomografia (desstod

parametros introdwaun sesgaonsiderable

Se realiz6 un estudio para determinar las caracteristicas de la sefial de excitacion
ultrasénica a utilizar, comlw son la forma, la duracion y la respuesta de frecuencia; a
continuacion, se debia seleccionar una técnica de determinacion de TOF. La medicion del
tiempo de propagacion es un paso critico en la realizacion de pruebas ultrasénicas no
destructivas de arles en pie, con una influencia directa en la precisidén de la deteccion de
defectos. Se realizaron pruebas en un arbol en pie colocando sensores (con frecuencias de

resonancia de 36 kHz y 60 kHz) en cuatro posiciones diferentes, con cinco sefales de
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RESUMEN

excitagon diferentes y tres métodos de deteccion de TOF. De todas las configuraciones, la
gue tuvo la menor variacion en las mediciones de TOF fue la combinacién de una sefal
"chirp" (una sefial modulada en frecuencia alrededor de una frecuencia portadora) con el
método de deteccién usando correlacion cruzada. La sefial "chirp” se ajusté a la respuesta
en frecuencia del sensor (bandas alrededor de la frecuencia de resonancia). La posicion de
los sensores tuvo un efecto en la medicion: cuando el angulo de positigendor se
acercaba a la direccion radial, los valores de TOF mostraban una menor variabilidad (la

medicién era mas estable).

Luego se desarrollé un modelo numérico utilizando la ecuacion de Christoffel, para
simular la propagacion deslandas en la madra y determinar el tiempo de propagacion (o
tiempo de vuelo, TOF) de la onda (parametro fisico que permite la construccion de la
imagen tomografica). Se utilizé el métodoR Q RFL G R F R P Rpdrb &tavddzieL Q J°
Este método se usa particularmente eofigica para simular frentes de onda en medios
elasticos. Emétodo raytracingonstruye frentes de onda sucesivamente con un paso de
tiempo constante. La anisotropia en el plano rddiajencial de la madera modifica la
forma de los frentes de onda esmparacion con el caso de un material isotropies. L
trayectoriasentre el transmisor yos receptoes son curnas. Por tantg las distancias

recorridas son diferentedas distancias en linea recta obtenidas para el caso isotropico.

Para comparar y validar los resultados obtenidos aogteldo raytracingse utilizé
el método de elementos finitos (FEM) para modelar la propagacién de ondas elasticas en
la madera. EI modelo FEM dio como resultado estimaciones de TOF muy cercanas a las
obtenidas con el enfoque de trazado de rayos. Los frentes de onda en ambos casos
concuerdan y los valores de TOF estimados tuvieron una diferencia relativa de menos del
2% entre los dos modelos. EI métadgtracinges menos complejo que el modelo FEM,

lo que resulta en tiempos de célculo méas cortos.

La validacion experimental del modealaytracingse llevé a cabo en discake
maderade dos especies (roblefnesng. Los defectos en el tronco se crearon perforando
agujeros. Estos defectos se probaron erpdsgiones (centrada y excéntrica) y con tres
didmetros diferentes para cada posicion. Los experimentos realizados permitieron obtener
perfiles de tiempo de propagacion similares a los obtewimos] modelo numérica.os

defectosubicads en el centroausaron mayores variaciones@nvalores dd OF quelos
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defectoexcéntrios en comparacion con el casano(antes de la perforacion). Un defecto

masgrande ycéntricoes detectdo con mas facilidad

Los enfoques tradicionales de tomografia de arbaiepie utilizan técnicas de
reconstrucciéon que toman en cuenta trayectorias rectilineas (rayos), como la técnica de
retroproyeccion filtrada (FBP) y métodos algebraicos, como la técnica de reconstruccion
iterativa simultanea (SIRT). La hipétesis de trayeatorectilineas produce una imagen
sesgada (se supone que el material es isotropico). Ademas, estos enfoques proporcionan
mapas de velocidad, pero como este parametro varia con el angulo de propagacion en
relacion con el punto de referencia ortotropiccalp el significado fisico de la imagen

resultante no esta claro.

En esh tesisse ha desarrollado un método de reconstruccion de imagenes
tomogréficas bidimensionales adaptado a la madera. El método propuesto tiene en cuenta
la ortotropia local del matei con una geometria cilindrica; es un proceso iterativo que
reconstruydas trayectoriade propagaciofrayos)y las propiedades locales intrinsecas del
material. En este proceso, se define una funcion de lentitud (inversa de la velocidad de
propagacioren funcién del &ngulo de propagacidpara cada pixel de la imagen y una
regresion no lineal permite determinar las constantes elasticas especificas (constantes

divididas por la densidadlle los parametros de esta funcion de lentitud.

Primero debemos ceiderar una imagen dividida éhpixeles atravesados por los
rayosultrasénicosEl objetivo es estimar un parametro local para cada pixel (la len}jtud
gue sumdoa lo largo del radipermitedeterminael TOF entre el transmisor y el receptor.
Para urpar desensoresuyatrayectoriam pasa a través de los pixekegl tiempo de vuelo
tm Se puede escribir de la siguiente manera:

RLI  HG
pPORa&

Conlmkla longitud de un segmento dalyode propagacion. La resolucion de todas
las ecuaciones de los paresseéasoresonduce a la reconstruccion del parametro interno
.« (problema inverso). Sin embargo, surgen dos problemas: en primetdigemulacion
matricial debe adaptarse a la depewike de la lentituden elangulo de propagacion
(linealizacion de la ecuacion de Christoffgl),en segundo lugar, la estimacion de las
trayectorias verdaderas (desconocidas en prin¢cgeoje afectada por la anisotropia de la
madera y la presencia defdctos.
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La ecuacion de Christoffel se linedliznediante una aproximacion polindbmica

(gradob). La lentitud del pixel atravesado pormnayom se expresa de la siguiente manera:
WL Updda EUspdds EUsdls E Updds EUpds EUspdls

Con #m como el angulo de propagacion con respecto a la direccion radial del
sistema de coordenadas lodal ortotropiadel pixelk. En consecuencia, la solucion del
problema inverso correspondio a la busqueda de coeficientes polironpala todos los
pixeles. Para resolver todas las ecuaciones lineales, se utilizé el método SIRT (técnica de
reconstruccion iterativa simultdnea). Para aumentar el nUmero de ecuaciones (resolucion
espacial) se realiz6 una interpolacién de las medicideeSOF considerando sensores

virtuales ubicados entre lasiginales(interpolacion del sinograma).

El proceso iterativo comienza cdérayectoriasrectes. Con estas trayectorias, es
posible realizar una primera inversiéon que conduzca a los coeficienteénpiobs de
lentitud para todos los pixeles. A partir de estos coeficiestesesuelvesl problema
directo para obtener una estimacion deviasres derfOF y las nuevas trayectorias. Este
proceso se repite hasta que la diferencia entre los valof€3en relacion con los valores
realesse minimiza y las formas de las trayectorias calculadas ya no varian. Finalmente, la
aproximacion polinomial obtenida para cada pixel se usa para estimar los valores de las
constantes elasticas mediant@regresiomo lineal por el método de minimos cuadrados.

El resultado es una imagen paramétrica de los médulos espedificdsr y Grr
considerando constantd coeficiente ddPoisson rt (esto permite obtener pardmetros

estables medianta regresion no lineal).

Serealizd una validacion numérica de este método de inversidon. Se probaron cuatro
configuraciones numéricas que representan casos reales que generalmente se encuentran
en el campo: (1) un tronco en estado saludable, (2) con un odénioicq (3) con un
orificio excéntrico y (4) con un defecto excéntrico caracterizamoun gradiente de
propiedades mecanicas. Este ultimo caso podria estar asociado con una etapa temprana de
degradacion de la madera por el atague de hongos. Las imagenes reconstraaadoutili
el método propuesto se compararon con el método de reconstruccion clasico con la

hipotesis de isotropia (FBP, rayos rectos).

La comparacion de las imagenes obtenidas revel6 una identificacion y

cuantificacion mas detallada del estado interno dectraon el método propuesto. El
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método propuestaeconstryd correctamente la curvatura de los ragybss areas
defectuosas estan mejor definidas y son mas visibles. La identificacion de defectos
céntricos fue mas precisa que los casos con un defecto ric@éntun gradiente de
propiedad, independientemente del método utilizado. EI método propuesto requiere solo
unos minutos de calculo con una computadora portéatil comgrordh tanto, se adapta al

contexto de las pruebassitu.

El método de inversidpropuesto se probd experimentalmente en muestras de
madera de dos especies (roblegigo), para tres configuraciones diferentes: un caso
saludable un defectocéntricoy un defecto excéntrico. Al igual que con la validacién
numeérica, el métoddesarrollad@ermitio obtener una representacion mas precisa de los
defectos en comparacion con una reconstruccion clasica de rayos rectos, en particular en el

caso de defectagntricos

Otros factores asociados con la variabilidad de la madera pueden incluirse en el
modelado para mejorar la precision del método. Por ejemplo, las variaciones en el
contenido de humedad por encima del punto de saturacion de las fibras o los cambios en la
densidad afectan la velocidad de propagacion de las oBshasesh tesis hemos
corsideradsolamentdas ondas de compresigmo seuvieron en cuentedos los demas
fendmenos de segundo orden (refracaansada por lodefects, conversion de modo,
atenuacion y dispersiénpara la continuacion de este trabajpdos estos fenbmenos
fisicos deben tenerse en cuenta para caracterizar la madera con mayor pSecpidnia
considerar el uso del métodonocido como3) XOO :DYH , F-WH.LEVtEmDo
Tompleto” se refiere al uso de toda la sefal acusticaees, sin rechazar informacion
potencialmente Gtil. Hoy en dia, estos métoakaviano estaradaptados éa madera
Considerando una implementacion 3D del método de reconstruccién, es necesaria una
instalacién de transductores a diferentes alturasagldatacion del problema directo a los

frentes de onda que se propagan en la direccion longitudinal, radial y tangencial.
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1. INTRODUCTION

1.1. Background and motivation

1.1.1. Urban trees

Trees play a major ecological and sanitary role in modern cities. Some barefits
areductionof air pollution, energy savings from solar shading, wildlife shedtedfood,
among multiple other§Pokorny 2003) However, some risks are associavath urban
trees. For instance, trees (or tree pddi)can cause damages to passsrs/ehicles,and
housegFigure 1) Treesplanted in urban arease exposed to conditions that can weaken
its structure, such awilsthat arenot appropriatdor plants drought or traffic shockshat
wounds the trunkTrees can be weakened because of these conditions and deteriorated by

the attack of insects or fungi.

Figurel: Fall of a treeaffecting a vehiclésource: https://www.paris.fr/arbres)

The risk evaluation associatedth trees in cities is often in charge of urban
operators. Sustainable and rational management of the tree patrimony is based on the
FHQVXVY DQG H[SHUWLVH RI 3DOO” WKH LQGLYLGXDOV RI I
the Secretary of Environment anctBotanical Gardenverseehe tree patrimony (more
than 1.2 million trees in public spaceyhich includes silvicultural practices such as
planning and monitoring @ahe phytosanitary state and physiological condition of trees. As
another example, the gibf Paris, one of the wooded capitals in Europe, has the Tree and

Wood Department of the town hall in charge of the monitoring and maintenance of 200.000
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trees. Each tree is monitored by his ovdigital ID card” gathering all the information
regarding s date of planting, successive watering, pruning, state of health (physiological
state, woundd areasfungi), to help on the diagnosis of dangerous trees. Rather than
consideringsecurityfell, the tree maintenance is preferred until they are integnatedhe

renovation plan. This is made possible through monitpangconstant maintenance.

Economical aspects related to the management of the plants are the subject of
requests from urban operators. Today, many communities in France or Colombia, cannot
afford an extensive diagnosis with an expert by visiting the whole tree population.
Moreover, the diagnosis is essentially visual, even when the extent of internal damage and
the associated danger cannot be precisely evaluated by simple observatioantirequ
trees presenting inner decomposition seem healthy in appedi@hoesymptoms are not
alwaysseenfrom the outsideOffering answers to the management of urban plantations

thereforerequirethe use of methods for internal diagnosis for traestu

Modern techniques can be used to minimize the risk associated with tree failure.
There have been significant advances in detsgction equipment, and formulas and
guidelines for assessing hazardous ti@destinstone et al. 2010a; Leong et al. 2042)
detailedin AppendixA.

1.1.2. Non-Destructive evaluation of wood

Classic methods for trees inner diagnostic are based either in dmiéaguresr
in punctual acoustical or electrical measufsllerin and Ross 2002ntrusive methods,
such as drillingFigure 2a)remain limited due to the incapability of obtaining information
other than one dimensional (profibé drilling resistance versus drilling dept{Nicolotti
et al. 2003) Also, there exists the risk of propagating diseases from one tree to another by
using the same tools. For punctual methods, as for intrusive, the information provided is
mainly local, corresponding to the measurement locgiménou 2001; Larsson et al.
2004)

Nondestructive imaging methods allawalyzingthe inner structures of trees (bi or
threedimensional reconstruction), without altering their conditiBncur 2003a) Wood
imaging can be performed using electrongtgnwavesFigure 2b) gamma and X rays
(Zhu et al. 1991; Habermehl and Ridder 19@®udiceandrea et al. 2011jnfrared
thermographyCaena 2003; Catena and Catena 2088)ar(Nicolotti et al. 2003; Hagrey
2007)and microwavegKaestner and Baath 2005; Hislop et al. 2009)



1.1. Background and motivation

Figure 2. Some methods fonondestructiveevaluation of wood: (a) Drilling measure (Source:
http://www.resistograph.com/), (b) Thermography imadi@gtena and Catena 2008)

One alternative to the electromagnetic waves is the use of elastic waves (acoustic
or ultrasonic tomographyBucur 2003b; Johisne et al. 2010bpresenting as advantages

a reduced cost and simplified setting up.

Imaging approaches using elastic waves consist of quantitative tomography; it can
be used in a qualitative way by analysis Etdrsegmentation of theroducedmage. The
image is called quantitative because it is a mappirgpaframeter: thacoustic velocity
(related to the specific elasticity of the materialhis parameter changes during the
development of the tree and it is strongly influenced by the actiopatfogens.
Tomography using elastic waves can be extended to a-dhmemsional case by
interpolation, making cuts at different heigliocco et al. 2004; Martinis et al. 2004;
Bucur 2005)

The most known commercial devices use acoustic waves, suaiha®m (Rinn
and Kraft 2005)Picus(Rust 2000rnd FakkoDivos and Szalai 2002; Divos and Divos
2005, where a hammer is used to excite the trunk, producing vimeaesliblefrequencies
(below 20 kHz). Multiple studies have evaluated the performantesdacoustialevices,
highlighting different problems: #ow spatial resolution, images difficuto interpret
(Figure 3) detection precision not always optimal and a relative long time of execution
(Gilbert and Smiley 2004; Rabe et al. 2004; Wang 2007; Wang et al. 2007; Deflorio et al.
2008; Johnstone et al. 2010a)
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Figure3: Comparison of acoustic tomogram (left) and photograph from-sexgson for Red Oak
tree(Wang 2007)

The quality of the image obtainedasunctionof several factors: the frequency of
transmitted wave (sound or ultrasound), the signal to noise ratio (attenuation phenomenon),
the number of probes used, the physical model of propagation (isotropic, orthotropic,
moisture content and density gradiemt)l dhe image reconstruction algoritifArciniegas
et al. 2014h)

1.2. Meeting with experts

1.2.1. Inspecting hazardous trees with classic methods

We had he opportunity to accompany an-site tree inspection process, to evaluate
its hazardousness leveAn arboricultural expert was the operator in charge of the
diagnostic requested by a departmental organization in the Heéegalttment, Franc&he
coneerned trees were from thdatanusgenus, located all along a highway in the Lodéve

locality.

Before starting the testing procedures, we talked with the operator to learn about
the diagnostic process and his experience working on the field. First, wetatee that
the diagnostic is dividedhto two phases: visual evaluation and specialized instrumental
evaluation. Depending on the/ U lbe&hffénvironment, pathogenic stagad patrimonial
importance, the procedure could consfsboth phases or only one of them. For example,
those trees along the highway, deflias ornamental trees, arermallyevaluated by visual
means, unless they present significant signdisgasgadditional tools as drilling would
be usedin this case) Then, there are some urban trees that present high patrimonial
importance or heritage value where deeper analysis can be requirechshis where
methods as acoustic and ultrasonic tomography become more valuable toolsvisoiathe
case, methods aexpected to be fast in execution; for t@seusinginstrumentsa long
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term study can be allowed. There are also economic factors: specialized toolstpgesent
costs that are difficult to malaeprofit considering that one ornamental tree diagnostic is

estimated to cost 10 euros.

From the operator experience, tomography has not a very good precision on
estimating defects (as confirmed by several authorsyssally a drilling test is also
required to validate. However, drawbacks rfesistograpt{the mostcommon technique)
testing include the fact of creating a hole into the tree, even if it is only 2.5 mm, that will
allow fungi propagation (frequently this hole is not closed, as it is expected the tree to heal).
Tree diameters tested for this operatorge between 30 and 50 cm, limited by the length
of the drill.

A visual inspection was expected for our study case. To start talking about how the
visual diagnostic is approachetie first question is related to how the tree response to
fungi attack. Tee response to wounding and invasion by decay organisms is described by
the CODIT systemGompartmentalizatio®©f Decayln Trees)(Shigo 1977)detailed in
Appendix B Face to wounding, tree establishes daferse system known as
compartmentalization. This systent@nstituted by three reactions zones (walls 1, 2 and 3
for longitudinal, tangential and radial directions) that limits pathogens propagation in wood
at the woundingmoment, and by a barrier zone (wall 4) formed by the cambium, that
protects new wood fronmfested wood. Gradually, depending on the severity of the injury
and the reaction potential of the tree, the wound will ¢libseks to the new wood created
annually covering the necrotic zone that may contihodowing.

As commented by the operatowa main types of decomposition are searched:
those locatedt the base of the tree and those aerial (when the branches were cut). In the
case of decomposition on the base of the tree, fungi will tegd tgpand reach theener
of the trunk. The type ofungi will depend onspeciesand environmental factors. To
identify the type of fungi attack, a fructification process must take place on the tree, making

evident thdignivore mushroom on the trunk surface.

Visual assessment of standing trees goes thrawgh main stagesFirst,
dendrometry data is collected. Most frequent measures are the diameter, the height of the
tree and crown volum®ataaremainly used to compute failure risk associatsth wind
loads. A security factor can be obtained, for example, by wsitogl for structural tree

analysislike TreeCalc, &arbosafe GmbHwww.treecalc.com)Then, an evaluation of the
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tree structural statés performed usinghe standard methddhown as VA (Visual Tree
Assessment detailed in Appendid, introduced by professor Matthe¢kattheck and
Breloer 1994) The objective is to determine hazardous trees using exterior symptoms.
Vitality criteriaareused, as foexampleroot problems, growth defects, crown and leaves
problems (low foliage density, loss of branches), among others. Other discussed symptoms
were cavities presence (for example, when branches weredthe presencef fungal

fruiting bodies (as observed in one of the trees in front of us).

We made some testing on one of the stanBiatanustree,visually designated as
GHIHFWLYH )LUVW D KDPPHU EORZ ZDV XVHGMé&aRSHYDOXDW
we looked for a different sound when comparing a defective tree to a healthy one. This
procedure implies some experience from the operator: as you have compared a lot of trees,
you can increase your accuracy detecting defects. Theriséograptirom iML (PD500)
was used to evaluate tree stafésgure 4). Drilling measurementsvere obtainedat
different points showing an important inner hollow area. The device worked fast (less than
one minute for every direction), and tfesults could be seen dirgcth the digital screen

of the tool

Figure4: Standing treev&luation using the drilling technique

Defects position was briefly discussed. The most common pattern casfsasts

centereddefect.At late decay stages, headt corresponds to cavitiesthvin the center of
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the tree. Following the CODIT system (Appendix BB strongest barriés the wall 4 the

FD P EL X P favid #&y@e6tly this is the onbarrierthat can completelgtopthe spread

of infection by closing the wound with new wodt€inally, one important remark was that

tree evaluation using instruments will not deliver a fully automatic diagnostic, this meaning
that the expertise of operators will be necessary even in the case of specialized approaches

as acoustic tomography.

1.2.2. Inspecting hazardous trees using acoustic methods

Then,we had the opportunity to discuss waharboricultural expert, who works
at the ONF (Office National des Foréts), related to his expertise in the diagnostic process
for standing trees by means of acousigthods.

When we talk about acoustic testing, the acoustic hammer appears as the first
approach to be consider@gigure5). This device is designed to measure the velocity of
propagation of mechanical waves in standing trees, as this measurementlisreieded
to the wood dynamic modulus of elasticity and density, allowing the user to evaluate the
stiffness and related properties in standing trees. Advantages of using this technology
include a fast test execution and reduced affectation to treeldtatever, as commented
by the experttheacoustichammelis not reliableto evaluatesome common fungi attacks.
Additionally, bothdefect positioning and size estimatanedifficult tasks to be addressed
with this device as only one information is obtained. In France, its use hasedaeadn

the last 10 years, being replaced by alternatives techniques.

Figure5: Example of use of acoustic hammer: Hitman ST300 for standing tree tewalgaurce:

https://www.fibregen.com/hitmarst300)
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One of the recent techniques used for standing tree defects detection and
localization is tomography (crosectional image from an inner parameter of the tree). At
ONF, they are using both acougtitgure6) and electrical tomography as nrdastructive
evaluation techniques, both devices from the same manufa(ficas,Argus Electronic
Gmbh.

Figure6: Picus Sonic Tomograph from Argus Electronic Gmbh

For the tomography image acquisition, thegess includes hitting with a hammer
several times the measuring point indicated by a nail (manufacturer recommend 3 times,
but expert assures by hitting 6 timegghe-of-flight is estimated as the mean valker the
tree contour definition, ealiperis used (Argus Electronic provides its own solution: Picus
Calliper); the geometry is defined by a triangulation method. The maximum number of
sensors used by this operator is 24. Testing time could take 45 minutes to one hour. When
looking for fissuresthe trunk is divided into two sections, and after the two tomographies

are combined.

The number of cases where tomography is required has been increasing these years.
The most common case for acoustic testing is trees with high patrimonial vasigea,
thatoperator performed liispectionsThe ONF counts with 4 tomographic devices and
8 trained operators. In terms of costs, testing 4 tre@slaycould reach 700 euros. Buying
the device is about 25.000 eurd$ie arboricultural expert insisted dime fact thathis
device is intended to be a support in the diagnostic process, not a definitive answer. A 3D
option is available, by performing tomography at different heights.
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After acoustic tomography testinghe security factor is obtained using the
dendrometry data and the tomographic image via the TreeCalc softilace.the
combination of Electric (Electrical Resistance Tomography) and Acoustic tomography
leads to a better interpretation of the tree sfaigure 7). The electric resistance ofeth
wood is influenced by the water content and chemical elements which change according to
the status of wood. Therefore, this combination could address the questibasypt of
defect (hollow, decay or crack), stage of decay (incipient or advanced)raack detailed
decay size estimation.

Figure7: Example ofa combinationof electrical and acoustic tomography for different stages of
decay evaluation (source: http://www.arguslectronic.de/en/tremspection/products/picus

treetronier-predictingfuture-decay)

In Colombia, there was also possiblep@rticipate to aron-site tree inspection
processin this case, the tree was in Bogota, and the &egref Environment oversaw the
testing. The operators used the acoustic tomography unit from RinAréchom (Figure
8). Testing procedure wéike the previous case with the ONF operator, except for the tree
contour definitionno caliper was usethesensors position was approximated using small
variations from a perfect circl@hey included drilling profiles using a Resistograph from
Rinntech to complete the diagnosis procedure. Testing timeab@st one hour. The

maximum number of sensors useas?24.
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Figure8: Acoustic testing of a standing tree in Bogota using an Arbotom device.

1.3. State of the art and research questions

1.3.1. Ultrasound tomography for tree assessment

Ultrasound Computed Tomography (USCiE) a widely used technique for
nondestructive control of materials. It consisfscrosssectional imaging from objects
using either reflection or transmission wave propagation datdouild the imagewave
parametersuch aghetime of flight andtheattenuatiorare usedThe image reconstruction
from physical wave measuremeigtslassifiednto two groups. First, a group of techniques
is based on the projectieslice theorem, like filtered bagikrojection and direct Fourier
transform. The second grogpnsistsof techniques based on iterative approaches, as the
algebraic reconstruction technique (ART) and simultaneous iterative reconstruction
technique (SIRT). Thenostcommon reconstruction techniques are presented in detail by
Kak (Kak and Slaney 2001)

The basic consideration is decay inside wodlliencesthe propagation of elastic
waves the velocity decreasesndthe attenuation increases. The Fermat's principle states
that the first arriving wave will tend to travel along the fastest path, therefore the presence

of pronounced velocity contrasts will tend to curve the (Meurer et al. 2005)

The first approach to ultrasonic tomography of wood was presented by Tomikawa
et al. in 1986. He used propagation time of ultrasound to perforruestructive testing

10
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of wooden poles, in tomographic configuratid@n{beamgeometry backprojectioh The
proposedJSCTtechnique was found to be acceptable to identify rotten dreagver a

weak image resolution and long computation time were presented as the main drawbacks
(Tomikawa et al. 1986)Then, severatcientific approaches have been presentsith
frequencies ranging from 22z to 1 MHz(Martinis et al. 2004; Brancheriau et al. 2008,
2011; Lin et al. 2008)

The feasibility of ultrasonic tomography for detecting wood decay in living trees
has been evaluated in multipkeidies, comparing the basic approach from Tomikawa with
the results from other nondestructive techniquesizing radiation thermal techniques
microwaves(Bucur 20033g)electric georadat(Nicolotti et al. 2003) radar(Sambuelli et
al. 2003) Also, evaluations have been presentsthg crosssections cuts from decayed
treeg(Socco et al. 2004nd drilling profiledMatrtinis et al. 2004)where the authors stated
that ultrasonic techniques are suitable for standing trees quality evaluation, allowing to find
knots, decayndfungal attack. However, some common drawbacks using this technique
are presented: the anisotropy effect, linked to the apparitionbedisan the image; the
relation between frequency and smallest detectable defeloyv signatto-noise ratio
(without debarking the tree, it can be difficult to determine the first arofahe signal)

long data acquisition.

Variability in living trees presers multiple challenges to ultrasonic imaging.
Factors such as the grain orientation, the tree species and the moisture content could affect
the ultrasonic wave propagati¢Bchafer 2000)Also, a study was carried out to evaluate
the variation of ultrasonic propertieswood atmesastructural level (1 mm or less), having
into account the fact that wave propagation is influenced by the anatomical structure at
microscopic scal¢Feeney et al. 2001)hey indicatedhat some structures like annual
rings, earlywood andlate-wood present a significant variation in the velocity of ultrasonic
waves andhow the variation in density values from the bark to the pith will affect the wave
speed measurements. As well, ieigpected a variation in velocity values passing from
sapwood to heartwood, due to the change in density properties. (Beall 2002)
summarized some tifieseeffectsas follows:the welocity of acoustic waves decreaseth
moisture content up to fiber saturation ppiah increasing grain angleelated to an
increment of the wavattenuation and reduction of thevave velocity in softwoods, the

growth ring angle affestthe attenuation, with maximum values in angles from 45 to 60
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degreesthe effect of density on wave velocity depsnd the spcies and the propagation

angle in the presence of decaye wave speed decreases, and the attenuation increases

To overcome the general drawbacks in ultrasonic tomography, it is necessary to
well understand and model the complexity of wood mateadalevelop techniques for the

signal processing and the image reconstruction stages adapted to these conditions.

A crucial step to perform ultrasonic ndestructive testing of standing trees is the
time-of-flight measurement, influencing the precision ddfect detection. Aiming to
increase the accuracy on the estimation, the characteristics of the ultrasonic chain of
measurement should be adapted to the constraints of wood testing in living condition.
Considering conventional ultrasonic testing, the dbigexcited with a pulse, and TOF
measuremernelieson the estimation of the signal instantaneous power by determining the
first arrival above a noise threshold, defined by the (Becur 2006; Looselt and
Lasaygues 2011)Also, a pulse train can be used to boost the transmitted energy for a
specific frequency(Brancheriau et al. 2012aAutomatic methodsof detecting first
arrivals have been proposed, including pickers based on the Akaike information criteria
(AIC) (Sleeman and van Eck 1999; Zhang 2CG88) the Hinkley criteri@Kurz et al. 2005)
Alternatives include the transmission of encoded wave$, such as the chigoded
excitation method, where a recognizable signature is sent through the media and the TOF
is estimated using a creserrelation functior{fPedersen et &2003; Lasaygues et al. 2015;
Rouyer et al. 2015)Bearing in mind the wide range of signals and TOF detection
techniques, the choice of parameters for standing tree ultrasonic testing demands an

evaluation othe methods accuracy

The wood anisotropy ha been studiedconsidering ultrasaic testing. The
anisotropic behavior leado wavefrontspropagating in the media with deformed shapes,
compared to the sphericalavefrontsin isotropic media, as shown in different studies,
either by analytica{Payton 2003)by simulationusingfinite differencegSchubert 2007;
Schubert et al. 2008finite elementySebera et al. 201@nd by expemental setting
(Zhang et al. 2011; Gao et al. 201%hisaffecs directlythe image reconstruction process,
due to the curvature in theave ray paths from the emitter to the receiver, being longer
WKDQ WKH FODVVLF FRQVLGHUDhRED the Iray ivedrip, tieK W U D\ | Vv
trajectories of a wave traveling through an anisotropic media do not follow a straight path
for all directons of propagation. This wave path curvature directly affects the image

12
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reconstruction process: classic inversion methods consider straight rays; when they are used
for anisotropic materials the resulting image is bluiaurer et al. 2005)Therefore,
modeling the ray paths for a wood cr@estion is an essential step to address the inverse

problem for standing tree tomography.

The raytracing algorithm has been widely used for numerical simulation of wave
propagation for anisotropic media, particularly in the field of seismography exploration
(Cerveny 2001; Béna and Slawinski 200B)e approach known as wavefront construction
has been presented previously in applications for the geophysic¢Miejd et al. 1993,

1996, 1999; Lambaré et al. 1996; Ettrich and Gajewski 1996; Lucio et al. 1996; Coman and
Gajewski 2005; Chambers and KendalD8p This method propagates a +i#gld using a
constant time step, with new wavefronts constructed from the previous ones. Wave velocity
is computed by the solution of the Christoffel equation using the material elastic constants.
Travel times are estiated by following individual paths from the transmitter to each

receiver.

Ideally, the effect of anisotropy should be included in the image reconstruction
procesgPratt aad Chapman 1992few approaches have dealt with curved rays, and there
is no knownexact solutionlnversion techniques using curved rays for USCT have proved
to be an efficient way to handle with strong scattering in the case of isotropic media
(Schechteet al. 1996) Jackson(Jackson and Tweeton 199#esentedMIGRATOM, a
softwareto perform tomographic image reconstruction using measurements of travel time
or attenuation that consides curved raysdue to velocity contrastsTheir common
application is in geophysics imaging problemisch adracture detection, fluid monitoring
and qualitative stress evaluatioffhe aim of MIGRATOM s to reconstruct 2D velocity
maps performing anterative process. An initial velocity model is mdid by repeated
cycles of three steps: (i) forward computation of travel times, (ii) estimation of the residuals
and (iii) application of velocity corrections. For the forward modek software uses a
numerical twedimensional wavefront propagator bdsen the Huygens' principle It
consides each point of the wavefronts as an instantaneous point source of wave, energy
advancing in a series of time steps, as a circular wavelet with a radius proportional to the
local velocity; rays corresponds to the trajectory of an individual point on the wavefront
Then, esiduals are computdxy estimating the difference between theasured and the
calculated travel times. These residuals are used to calculate an incremental correction

factor (slowness correction) for every pixel crossed by the corresponding rays. After each
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iteration, velocity values for each pixel are obtainedgigie SIRT algorithm\With respect

to the anisotropyit is limited toan elliptical dependence of velocity (elliptic anisotropy),
definedas a ratio of the velocities in the horizontal and vertical direction. The vertical
coordinates are stretched by atéa equal to the anisotropy ratio, then the calculations are
performed without any additional modificatidexperiments performed with synthetic data
showed that for the case of an unconstrained reconstruction, some spurious anomalies
appearedThen, to mprove the reliability of the reconstructed imagesjasnecessary to
include constraints in the reconstruction process, like maximum and minimum velocity

values or known boundary conditions.

Maurer et al.(Maurer et al. 2006proposed a correction procedure to remove
anisotopy effects inthe image reconstructiofor non-destructive testing of tes. They
assuned D 3ZHDN DQLVRWUR Y covdidet@ that thiS éffedR i® governed
primarily by a constant tangentieddial velocity ratio This ratiowas used tabtain an
anisotropy correction factor to apply to the travel time data before using an isotropic
reconstruction methodAs this method does not consider the curvature of the rays, it
applications werdimited to the reconstruction of low contrasted d&felciu and Li (Liu
and Li 20B) presented a methddr tree acoustic tomography that perfornavelocity
map iterative reconstructiofollowing a similar strategy to the one used by the
MIGRATOM software using a propagation modahsed on the Huygens' principefind
therays] FXUYDWXUH GXH WR (dtrknd vBloc\coh@astHedroni@®atesl F W V
were obtained from tree sections and standing trees using this method and comparing it to
a straightline inversion, showing an improvement in the estimation of theo$tbe defect.
However, the ray curvature due to theod anisotropy has not been yet considered for the

imagereconstruction.

1.3.2. Research questions
How to increase the ultrasound image quality for nondestructive testing of living
trees, by considering the wood complexity as material in the tomography image

construction? This questionaosdy related to the hypothesis presented down below.

The firstquestion is associatedth the direct problem, this is, how elastic waves
propagate in an orthotropic and heterogeneous material such as wood. The propagation of
stress waves in anisotropic media can be approximated by analytical and numerical models.

When multiples factors of the material variability arensideredon the model, its
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complexity will increaséut the timeof-flight measure estimation would be closer to the
real value. By developing a model that relates the inner mechanical propertiesdofowvo

the wave propagation velocity, the inverse problem can be approached.

The second scientific question is related to the algorithm for imaging
reconstruction, known as the inverse problem, having into account that this algocigim
consider curved & in an anisotropic media. Therefore, it is necessary to evaluate if there
is a solution for the tomographic image reconstruction considering orthotropic behavior
and therefore curved rayBurthermorehow different is the image using this approach if
we compare with respect to the classic techniques using an isotropic assunijiteon?
image interpretation as a tool to help in the discrimination process of decay and other
defects inside threesshould be adapted to the limitations of the image reconstrand
mustconsider the variability of trees. How precise cartheedecaydetection umg the

ultrasound tomography imagebtained with the proposed metf?od

To answerthese questionghis thesis project presents a scientific approach to
perform ultraonic imaging of standing trees in urban areas, based oariléerations for

wood variability involved in each stage of the imaging process.

1.4. Methodology and organization of the thesis

The thesiswasdivided into four main parts described beloW.wasdeveloped in
the modality of joint supervision between the Universidad Nacional de ColgRdsaarch
Group GAUNAL, Engineering Faculty, Bogot4d, Colombiand the University of
Montpellier Research Unit BioWooEB, CIRAD, Montpelligfrance) the activiteswere
developed alternately in the two countries.

Wood and ultrasonic waves: theoretical aspects

The basic considerations of the wood asaterialand the governing mechanical
equations to describe the propagation of ultrasonic waves are presentepier@.The
Christoffel equation is presented, relating the wave propagation velocity with the material
elastic constants and the wave direction of propagafinrevaluation of the sensitivity of
the mechanical parameters in the computation of the assipn wave velocity using the
Christoffel equation was performaasing data from several wood species

Partial results of these topics were published at:
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x Espinosa L, Brancheriau L, Prieto F, Lasaygu®q2017) Sensitivity of
Ultrasonic Wave Velocity Estimation Using the Christoffel Equation for
Wood NorDestructive Characterization. BioResources 13: 9. doi:
10.15376/biores.13.1.91%8

Configuration of the ultrasonic measurement system

Time-of-flight (TOF) measurement is a critical step to perform ultrasonie non
destructive testing of standing tred=or the experimental sef, an electracoustic
measurement systemas implemented Aiming to increase the accuracy on the TOF
estimation, the characteristics of the ultrasonic measurement chain should be adapted to the
constraints of wood testing in living conditioh.characterizationf theultrasonicsensors
has been doneThen, the gcitation signal parameters were definédlastough an

experimental studypresenteih Chapter 3.

Several configurations were tested in a standing tree, including different signal
shapesvith distinctfrequency response$o perform the TOF measurement auatically,
three detection methods were tested. Data analysis inchigedtto-noise ratio NR)
and root mean squargoltage (RMS) measurements and tinfieequency analysis. To
reduce uncertainty on the TOF measurement, tests were repeated severahtrtieshest
combination for the signal parameters and the TOF determination method was chosen.

Partial results of these topics were published at:

x Espinosa L, Bacca J, Prieto F, Brancheriau L, Lasaygues P (2018)
Accuracy on the Timef-Flight Estimation or Ultrasonic Waves Applied to
NonDestructive Evaluation of Standing Trees: A Comparative
Experimental Study. Acta Acustica united with Acustica 10442® DOI:
10.3813/AAA.919186.

X Lasaygues P, Arciniegas A, Espinosa L, Prieto F, Brancheriau L (2018)
Accuracy of coded excitation methods for measuring the time of flight:
Application to ultrasonic characterization of wood samples. Ultrasonics 89:
178186. DOI: 10.1016/j.ultras.2018.04.013

Wave propagation model by a raytracing approach
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In Chapter 4, anumerical studywas performedto model the effects of wood
anisotropyand the presence of defective areathe propagation oélastic wave. This
study allovwedus toobserveaheseeffects on thetime-of-flight measurements and to develop
an approximatednhodel, with low computational cost, that could be used in the inversion
processA 3 &lytracing modelwas implementedy method based on tHe D t§edry, used
in geophysics, that traces thé D fopagation inside the studied objethe raytracing
modéd is based on a formulation with the Christoffel equation. Simplifying hypotheses were
considered: for example, adfmensional approximation of the trunk geometry. The model

using raytracing was tested for isotropic and orthotropic media, with and withefacts.

A comparison of this model to the solution obtained with a fieiéenentmethod
wasdone.Testedconfigurationsgncluded a healthy and a defective caBee comparison

evaluaté bothapproacksby studying thavavefrontsand timeof-flight measurements.

An experimental study for laboratory validatiofas performean this stage. The
time-of-flight measurementwerecompared to the model approximatio@®nfigurations
included a healthy case, a centered defect, eamban off-centered defect cas8everal

defectdiameters were tested.
Partial results of these topics were published or presented at:

x Thirteenth International Conference on Quality Control by Artificial Vision
2017: Espinosa L, Prieto F, Brancheriau L (2017jrasonic imaging for
nondestructive evaluation of standing trees: effect of anisotropy on image
reconstruction. Proceedings of the International Society for Optics and
Photonics, p 1033808.

x 16th AngleFrench Physical Acoustics Conference (AFPAC 2017):
Espinosa, F. Prieto, L. Brancheriau (201U@)trasonic waves in wood: a
ray-tracing approach. Oral presentation. Marseille, France, January+23
25.

x Espinosa L, Prieto F, Brancheriau L, Lasaygues P (2019) Effect of wood
anisotropy in ultrasonic wave progation: A raytracing approach.
Ultrasonics 91:242251. doi: 10.1016/j.ultras.2018.07.015.

Algebraic solution of the inverse problem for an orthotropic material
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In the context of the acoustical tomography imaging of standing trees, the wave
velocity valuesare determined for each local area (pixel of the resulting map) of the
scanned cross section by solving arcdhditioned inverse problem with a low number of
acoustic measurementdp to now, his problemhas been solved bgssuming that the
transversecrosssectionof trees is quagsotropic. The hypothesis of isotropy blurs the
image and makes it difficult to characterize the mechanical state of wood and the presence
of a defect. A way to overcome this problem is to considecrb&ssectionof a stading
tree as being cylindrically orthotropic in the process of inversion, such that the elastic

constants of wood for each pixel in the radaigential plane could be determined.

In Chapter 5the aimwasto develop a reconstruction method adaptetti¢éovood
anisotropy An inversion method based on the algebraic solutias proposed and
implemente. The algebraic resolution all@dthe use of curved ray modelsrag-tracing
and iswell adapted to heterogeneous and orthotropic materials. This mvensithod \as
tested on numerical simulatioasdthen on laboratory specimerempaing to the images

obtained with an algorithm considering stratjhe rays
Partial results of these topics wengblished opresented at:

x Espinosa L, Arciniegas A, Cas Y, Prieto F, Brancheriau L (2017)
Automatic segmentation of acoustic tomography images for the
measurement of wood decay. Wood Sci Technol 58469 doi:
10.1007/s0022616:0878 1

x 3rd International Conference on Ultrasori@ased Applications: from
analysis to synthesis (Ultrasonics 2018): Espinosa L, Prieto F, Brancheriau
L, Lasaygues P (2018) Ultrasonic imaging for rbestructive testing of
standing trees: image reconstruction adapted to wood anisotropic behavior.
Caparica, Portugal, June 11#14. ISBN: 978989540094-2

x XXII Symposium on Image, Signal Processing and Artificial Vision
(STSIVA): Espinosa L, Prieto F, Brancheriau L, Lasaygues P (2019)
Ultrasonic imaging of standing trees: factors influencing the decay

detection. Bucaramanga, Colombia,rA@4 +26.
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2. WOOD AND ULTRASONIC WAVES:
THEORETICAL ASPECTS

2.1. Introduction

The wood material ipresentedn this chaptefrom its anatomical and mechanical
characteristics drawing attention to itsorthotropic condition.Then, the equations
describing the motion of elastic waves for an orthotropediiumare presentedyhich
solution is known as the Christoffel equation, linking the wave velocity to the wood
mechanical parameters and the directiompmipagation. For this equation, a sensitivity
analysis is performed to evaluate the influence of every mechanical parameter in the wave

velocity variation.

2.2. Trees and wood

For forest inventory, a tree can be considered as a woody perennial of a species
presenting an elongated stem that supports branches and (Eaebsvantner et al. 20Q9)
Trees cover a large parti of land ecosystems: The Global Forest Resources Assessment

)5 % LQGLFDWHG WKDW WKH ZRUOGYV WRWDO IRUI
is 31% of total land are@AO 2010)

2.2.1. Anatomy

At amacroscopidevel, a growing, living tree has two mains parts: the shoot and
the roots. The shoot includes the trunk,ilenchesand the leaves. The trunk is cposed
of multiple layers, from outside to inside: out bark, inner bark, vascular cambium, sapwood,
heartwood,and pith (Figure9a). The main component in the trunk is therefore wood.
Sapwood is the active wood that conducts water from the roots to the \ealeshe
heartwoods a zone of inactive cellular tissuérom a wood segment, three planes can be
distinguished (Figure 9bjhe cross or transverse sectitaceé that is exposed when a tree
is cut dowrn, the radial section p{th-to-bark direction and the tangential section
(perpendicular to the radial plgnéssociated to these planes, three mutually perpendicular
axes ar@lefined the longitudinal axis (L) parallel to the fibers, the radial axis (R) orientated
from the bark to the pith and the tangential axis (T), tangent to the growth rings and

perpendicular to the grain.
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Trees are mainly classified in softwoods and hamhgo Softwoods come from
gymnosperms (essentially conifers) and hardwoods come from angiosperms (flowering
plants). Softwoods are generally neeldlaved evergreen trees (spruces and pines, for
example), while hardwoods are commonly breaf trees (oakand maples, foexamplé.

The fundamental differences between woods are related to the characterigties at
microscopiclevel. Hardwoods present a more complicated microscopic structure than
softwoods (Figuré&c): softwoods are mainly composed of axrakcheids aligned parallel

with the trunk,and rays in the radial direction; fohardwoods,the axial system is

composed of fibers, vessgdmdaxial parenchyma, thadialdirection is composed of rays.

Cross-section

Tangential-
section

Figure9: Wood anatomy. (a) Transverse section of Quercus alba trunk. From outside to inside: out
bark (ob), inner bark (ib), vascular cambiwmn)( sapwoodheartwoodandpith (p) (Ross 201Q)

(b) Planes of wood: cross or transverse section, radial section and tangentialKettitamn and

Co6té 2012)(c) General structure (#) and microscopic structure {) for sdtwoods (left) and
hardwoods (rightfRoss 201Q)

The cell wallpossessea structure that wilestablishmanywood mechanical and

physical propertieslt is composed of three chemical components: cellulose, |igmich
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2.2. Trees and wood

hemicellulosdEk et al 2016) Thecell wall is dividedinto three main regions: the middle
lamella, the primary wall and the secondary wall (Figl@e The main function of the
middle lamella is to provide adhesidretweenthe wood cells. The primary wall is
characterizedby randomly orientated cellulose microfibrils; this layethin and often is
difficult to differentiate from middle lamella. The secondary cell wall is composed of three
layers, S1, S2and S3, being S1 and $thin compared to the central S2 layer. Tinst

layer S1 is adjacent to the primary wall and is characterized by a large microfibril angle
(50° to 70C), with respect to the axial direction. The second lgyesseses more
importance in determining the wood characteristics, due to thakness ad low
microfibril angle 6° to 30°). S3 layer is thin angbresers a high microfibril angle (> 79

as the S1 layer, but the lignin concentration is lower. The orientation of the cellulose
microfibrils of the S2 layetis highly relevant for determiningétphysical properties of the

wood cell and therefore the wood structure.

Figurel0: Wood cell wall (a) simplified structure of a tracheid cell wall showing the middle lamella
(ML), primary wall (P), secondary cell wall layers (S1, S2, S3) and wartygyey.| (b) Micrograph

to show the location of the middiemella(ML) and the middldamellacell corner MLcc) (Ek et

al. 2016)

2.2.2. Mechanical behavior

The cellular structure of wood and the disposition of cellulose in the cell wall
explains the anisotropic property of wo@@ibson and Ashby 1997At a macroscopic
level, wood can be considered as an orthotropic and heterogeneous material. In orthotropic
materials, the mechanical properties will chandepending on three mutually
perpendicular axes. For wodthese are the longitudinal axis (L), thedial axis (R) and

the tangential axis (T)
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2. WOOD AND ULTRASONIC WAVES: THEORETICAL ASPECTS

Considering wood as alastic mediumthe constitutive law that relates the applied
IRUFHY ZLWK WKH DVVRFLDWHG GHIRUPDWLRQV LV WKH +R|

strain (¢ as:

éL %0 1)
whereC is known as the rigidity matrix. The stress veafescribeshe stress
conditions at any poirnt in the spaceFor small deformationshé strain vector can be
expressed in terms of the displacement vecipag:
qu_—ZI:—gg’E:—zzpé ™ L sddl )
Nine elastic constants define the linear relation between the stress Yantbthe

strain vectoss for orthotropic material§Berthelot 2012)

€ %s %6 %7 T r r %E

i . %s %6 %7 T r re_0Oi .
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FEAF ~ Fr r r %g r r gFtGAF
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Eéil Er r r r r % 1 Etggl

With the symmetryCi2 = Cz1, C13= C3randCzz = Cao.

The elastic relations are expresssdfunctionof theelasticity moduli, that can be
determined by mechanicésts Using the engineering constants notation, ithesrse
relation using the compliance mat®&{V 61 ! 8is presented as:

5 A 1
N N T

3/4*\ %& ‘%./2 A~
L C KA 5 %A F o4
e eFny oy e T Te &e
6 . & 5 e & .
CooF eF2r FL = = Ce
ORAL L FF YA F T r ' ' 'f(;\eAAI? (4)
Ftoae - S r r 2 ¢ r eFEAF
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Etdel v 11 1 pE&l
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- r r r r _5\
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Where the parametei, Er and EL correspond to the Young modulus in each
direction (from a tensile or compressive test), the parametersrr, r,, r, 1L, and 7
FRUUHVSRQG WR WKH 3RLVRQYVY UDWLRYV UDWGR RI WKH W
GLr andGrrcorrespond téhe shear modulus (from a shear test). To illustrate the effect of
anisotropy in wood, Table 1 presents reference values for the Young modulus ratio in the

three directiongGuitard 1987) For all known species, the order of magnitude feséh
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2.2. Trees and wood

modui areE_ >> Er > Er. The mechanicabehaviorof woodis linked toits physical and
chemical state. For example, in the longitudinal direction, the fibers consétute
strengthening element, resulting in the highest Young modulus value. In the radial
direction, the appearance of rays constitutes the strengthening factor with respect to the
tangential. In the case of density, the value will depend on multiple factdérastice cell

wall density, the porosifyandmoisturecontent.

Table 1: Anisotropyn wood reference values for hardwoods and softwd@istard 1987)

Type EL/Er Er/ET EL/ET I'[g/cm3]
Hardwood 8 1.7 135 0.65
Softwood 13 1.6 21 0.45

The moisturecontentin thewoodalso affecs the Young modulus valugSuitard
1987) Figure 11 presend the variation of the elastic moduld& for two species for
multiple moisture content values. Before 5%, the elastic constant ingheguly, from 8
to 22% thevalue decreasalmost linearly and after 30% (fiber saturatpmint) the elastic

modulus stabilize

| U S DU N N N
10 20 30 40 50 60 H%

Figurell: E, evolution for two wood species (spruce and oak) depending on the moisture content
(Guitard 1987)
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2. WOOD AND ULTRASONIC WAVES: THEORETICAL ASPECTS

2.3. Wave propagation in anisotropic media

The fundamental relation between spatial variations of the stress v@caod(the
time variations of the displacementter (u) is known as the elastodynamic equation. It is
defined as follows:

2ERL e—QeoeFeFL sd (5)
5 :
Wherefi represents the external forces acting on the body in Cartesian coordinates.
This equationrelatesstress acting on a point in a solid to the motion of the particles in the
solid. Combining theelastoggnamc equation (Egation5) and the Hook's law (Etion
1) for a continuous medium, we obtain:
5, % v 6aPE B L 6 CHRCHL s 6)
5 :
Combining the last two equations, and considering that exterior forces to be zero,
the resulting expression is:
% Y-Q—g;—g L e—geod:%FaGdﬂL sd (7)
As we are interested in the displacements in the ®s$on ofa trunk, the

expression is simplified to thedmensional casm the planel,2 (or RT), written as:

AQ YR R VR _ R

A 0 2E— ;o - =
6~ L — /gTE/gg,l— El . = E—; %A ©
L AQ VR Q R0 Q

A solution to this equatiors presented in thierm of a plane wave:

Q\TéP, L Q\LAU (;?\D\'é;’ ©)

where Q is the wave amplitude)&s the polarization vectorfi is the angular
frequency and@s the wave vectoThe wave vector is related to the wave numbe&as
Gkwhere Xis the wave front propagation direction, and the wave nuntisrequal to
G L i 8 with 8the wave phase velocityf the polarization vector is parallel to the wave
front normal diection, the wave is known as compression wave or longitudinal wave (not
to be confused with the longitudinal axis). In the case of perpendicularity between the two
vectors, he wave is called shear (or transver§®aves representation for both cases
presented in Figure 1#.the angle formed is different to the two previous cases, the wave

is said to propagate in a quasode (quasiongitudinal, quastransverse).
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2.3. Wave propagation in anisotropic media

Figure 12:Compression waves (polarization vector parallel to the direction of prigagand

shear waves (polarization vector perpendicular to the direction of propagation).

Using this wave expression in the Equai8ahleads to the equation system:
%I E % IV F €85 %E% e | Lo (10
%GE% :Jed, % JZE %I Fegs b
known as the Christoffel equatiqRoyer and Dieulesaint 20Q0Jo obtain the

phase velocity value, the equation can be solved as an eigenvalue problem:

t1Hd®® °%hFégtB QL v, (11
56 66 rs
where is known as the Christoffel tensor. Therefore, with the values of the rigidity
matrix for a given orthotropic material the equation can be solved to compute the phase
velocities with a wave normakThe eigenvector associatiedthe problem corresponds to
the polarization vectol& Then, phase velocity in a cressction (plane RT) iafunction
of the mechanical properties of the materi&d, Er, Grr, rt, !). We areonly interested in
the longitudinal and quasbngitudinal wavessincethese waves travel faster than shear

waves, and therefore are the first to arrive to the ultrasonic receivers.

The velocity isa function of the wavefrontnormal direction, that can be oty
described by an angléabetween the wave direction vectod.(and the direction of the

radial axis(Figure B). This is:

"2 L %o ':?cél (12)
"L ™eR A
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Figure B 57 D[LV DQG ZDYH QRUPDO GLUHFWLRQ WR GHILQH WKH

In that case, solvingquation1l results in an expression for the phase velocity

(compressionvave) as follows:

— 13
Sl >8 ?2{..; >8{: ( )

8L 5

The Christoffel coefficientshi, +2 and 42 are a function of the elements of the
rigidity matrix Cij for an orthotropic matrial, computed using the elastic constants of the
RT planeEr, Er, Grt, and rt. The direction of propagation correspartd the angle

between the vector normal to thvavefrontand the radial direction, as:

AsL %s?KC QA E% OFEA (14)
AL % ?KXRE %s0EA (15

2.4. Sensitivity analysis of the Christoffel equation

The Christoffel equation leads to a solution in the form of plane waves, relating the
propagation velocity with the material elaswonstants and the wave direction of
propagation.Therefore, this relationship can be used to pass from a set of measured
velocities to an estimation of the mechanical parameters, a procedure known as inverse
problem(Bucur and Archer 1984; Castagnede and Sachse 1989; Bucur 2006; Dahmen et
al. 2010; Longo et al. 2012; Gongalves et al. 2014; Alves et al. 26bb)instance,

ultrasonic goniometry relies on the principle of inverse problem to determine the elastic
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2.4. Sensitivity analysis of the Christoffel equation

constants of the stiffness matrix for the characterization of different @sitepmaterials

(Siva Shashidhara Reddy et al. 2005; Zhao et al. 20i@udingwood (Preziosa 1982)

The mentioned procedure works by using small samples with cubic, prismatic, polyhedral
geometry, or multifaceted discs, to determine the 9 elastic constants of wood, by assuming
the homogeneity of the specimens, and thus that the mechanical propertiesstaats

within the specimens.

Here weexamined the sensitivity of the mechanical parameters in the computation
of the compression wave velocity using the Christoffel equaailished data were used
to study the effect of anisotropy, according to dnentation of thevavefrontrelative to
the radialtangential plane. Additionally, fluctuations in each value of mechanical
parameters were introduced in the velocity computation according to the orientation of the
wavefront The results made it possilite examine the consequences of proposing various

simplified hypotheses based on an inversion process for standing tree tomography.

2.4.1. Mechanical parameters and sensitivity equations

Table 2 presents the tree species selected from previously publishg@Rossa
2010) The species were chosen to cover a wide range of transverse anisotropy ratio,
mechanical parameters, and dendyEr is the anisotropy ratio between the stiffnesses
in the radialtangential directions. The variation range af #misotropy ratio is from 1.36
for Douglas fir to 2.30 for Sweetgum. The species in Table 2 are ranked according to the
ratio ER/Er. The first half of this table corresponds to softwoods and the second half, to
hardwoods. The radialEg) and tangentiar <R X QJV RRyédseduvean 909 MPa
to 2118 MPa foiEr, and between 511 MPa to 1128 MPa far The shear moduluSrt
ranged between 36 MPa and 319 MPaQ G W KH 3 R LafMiiy€dhetwedn . 38Rand
0.70.Density !, ranged from 448 to 706 kgfm

Table2: Selected Species and Corresponding Mechanical ParanigtaralEr <R XQJTV PRG X O X\
in the radial and tangential directions respectiv@lyy: shear modulus,sr 3 RLVVRQNV UDWLF
density. From published datRoss 201Q)

Common Scientific ErR/Er Er Er Grr Q@ I (kg/m3)

Names Names (MPa) (MPa) (MPa)

Douglas fir  Pseudotsuga 1.36 909 668 94 0.39 538
menziesii
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Sitka spruce Picea 1.81 927 511 36 0.44 448
sitchensis

Longleaf Pinus 1.85 1537 829 181 0.38 661

pine palustris

Northern Quercus 1.88 2118 1128 319 0.56 706

red oak rubra

Yellow Liriodendron 2.14 1103 516 132 0.70 470

poplar tulipifera

Sweetgum  Liquidambar 2.30 1429 622 261 0.68 582
styraciflua

A set of angles ranging from 0° (radial direction) to 90° (tangential direction)
were used in EquatiorBXo evaluate the influence of the selected species (Ralole the
wave velocity. The velocity values for each species were then computed by introducing a
variation of £10% for the mechanical parameteisz( Er, Grt, and r7) to evaluate the
sensitivity of these parameters in Equati@nHor example < R X Qridfulus intheradial
direction was increased &ssup= 1.1 X Er and decreased &inf = 0.9 X E. Variations
such as 4% and 6% on the velocity measurement for wood testing, within the same species,
has been previously report¢Bucur 2006; Chauhan and Arun Kumar 2018jus, the
influence on theelocity for a variation in the mechanical parameters of 10% is noteworthy.

The corresponding modified velocities values were navigdvelocity when the
parameters were increased by 10%) ¥ndvelocity when the parameters were decreased
by 10%). Tke variation of velocity (in percentage) for each parameter was obtained as

follows:
" 8eed TD?GT Usre 17)
. &Jéd_]‘?::..ou'bsrr (18
- g | lpaglouw (19

6
2.4.2. Results and discussion
Figure X presents the wave velocity values depending on the anfpe the
selected species. TalBsummarizes the minimum and maximum velocity values, ranging
from 1065 m/s for Spruce at 59° to 1898 m/s for Oak at 0°.
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2.4. Sensitivity analysis of the Christoffel equation

Wave velocity for all species
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Figure X: Velocity values for dlspecies in function of the angle between the vector normal to the

wavefrontand the radial directiofEspinosa et al. 2017.a)

Table 3 Maximum Vmay and Minimum ¥min) Velocity Values with theiAssociated Angles §.

Common Names Vmax ( =0°) (m/s) Vmin (m/s) fin) (°)
Douglas fir 1379 1109 55
Sitka spruce 1522 1065 59
Longleaf pine 1588 1145 66
Northern red oak 1898 1385 90
Yellow poplar 1745 1193 90
Sweetgum 1753 1157 90

The relationship between the wave velocity and the direction of propagation (angle

), is a direct consequence of the wood anisotropy in the RT plane. For all species, higher
velocities were obtained in the radial direction (0°) since this direction istiffer than
the tangential direction. The anisotropy betwé&gmand Er can berelated tothe cellular
microstructure of wood, which consists mainly of hollow tubular cells leading to an
approximated honeycomb structyillis 1972; Kahle ad Woodhouse 1994; Gibson and
Ashby 1997) From this approach, several aspects have been linked to the anisotropic
behavior of wood. First, the effect of the cell geometry: the cell walls are highly aligned in
the radial direction, while the tangentditection follows an irregular pattefKahle and
Woodhouse 1994) UHVXOWLQJ LQ D KLJKHU <RXQJYV PRGXOXV L
the mechanical properties change within the annual growth rings. Earlywood exhibits a
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2. WOOD AND ULTRASONIC WAVES: THEORETICAL ASPECTS

marked anisotropic behavior (with large tialled cells aligned in the radial direction),
while latewood exhibits a roughly isotropic behavior (with smaller and thialedlied cells)
(Boutelje 1962) Therefore, the proportion between earlywood and latewood affects the
relationship between the radi@ngential moduli. Third, the presence of the ray cells
reinforces the radial direction, depending on the width of the rays, height, and area fraction
(Burgert et al. 2001)For hardwoods, an additional factor to be considered is the vessel
distribution, with higheEr/Er ratios for diffuse porous species, such as Yellow poplar,

thanring-porousspecies, such as OéBeery et al. 1983)

Differences between maximum and minimum velocities were higher for
hardwoods, as #y presented a higher anisotropy ratio (difference of 596 m/s for
Sweetgum). In contrast, lower velocity differences were found in the trees with a lower
anisotropy ratio (270 m/s for Douglas fir). For hardwoods, the minimum values of velocity
were foundm the pure tangential direction £ 90°). For softwoods, the minimum values
were not found directly in the tangential direction, but in an angle ranging from 55° to 66°
(Figure ¥ and Table3). This angle depends mainly @kt and rr parametersas they
affect the offdiagonal parametetio LQ WKH &KULVWRIIH@dJe¥icidi Xad W LR Q
a higher influence on the velocity computation when the tefimand +2 are equal (the
term inside the inner root square will only depend ®#), which occurredor angles
ranging from 50° to 60°.

Each mechanical parameter was increased and decrea%é#snd the velocity
values were computed using Equatid Table 4 displays the maximums of the velocity
variations (Egation 19) after changingeach parameter. For example, the variations of
velocity values (Egationsl7 and18) for Sitka spruce are shown in birg15. The velocity
variation increased as the angle approached 0° \&hevas altered (maximum variation
of circa 4%, Tablel). On thecontrary, the variation was at its maximum when the angle
reached 90° foEr (maximum variation of 6%, Tabl). This was explained by the fact
that theCy1 element is predominant in Eqg. 1 (axis 1 is associated with the radial direction)
when the angle approaches to 0°. The same reasoning can be applied to the ei@ment
when the angle tends to 90° (tangential directiol®rTpresented the lowest variation with
a maximum of 0.34%, at an angle of 53° for Spruce infeig5 (overall variation of 0.8%,
Table4). The maximum variation was found in angles ranging fromtd %8 whenGgt
and rrwere changed to be almost equal for both parameters in each species (variation of

2.7% for grt, Tabled). These angles increased as the ratio of anisotieyil) increased
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2.4. Sensitivity analysis of the Christoffel equation

(49° for Douglas fir and 58° for Sweetgum). This phenomenon was already explained by

the effect of the offliagonal parameteri, LQ WKH &KULVWRIIHOYV HTXDW
variations for changes iBr, Er, and rrdid not reactzeroasit did for Grr. This was

explained by the fact that the velocity is computed using the stiffness corGiamisich

wasmodified byEg, Et,and rt. Only the stiffness consta@ts was affected solely b@rr.

Table4: Sensitivityvaluesobtained with avariation of 10% foeachmechanicaparameter

Common Names %V (Er) %V (Er) %V (Gr1) 9 1)
Douglas fir 4.4 5.6 0.7 2.2
Sitka spruce 4.4 5.6 0.3 2.3
Longleaf pine 4.6 5.4 1.0 1.6
Northern red oak 4.0 6.0 1.0 2.8
Yellow poplar 3.5 6.5 0.8 3.9
Sweetgum 3.7 6.3 1.2 3.1
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Figure B: Velocity variations (in percentage) induced by changing each mechanical parameter for

Sitka spruce according to the angle between the vector normal teatredrontand the radial
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direction (a) Radial Young modulud)) Tangential Young modulus, (c) Radigdngential shear
modulus, and (d) Radidlangential Poisson coefficie(Espinosa et al. 2017a)

Velocity values were more affected by theandEr parameters thaby rrand

Grt. The order of influence, from biggest to smallest \EasEr, rt, and Grr with a

maximum variation of 5.9%, 4.1%, 2.7%nd 0.8%, respectivelyFigure B shows the
variation of velocity%V divided by a variation in the mechanical paranses, with

ranging between 10% to 50%kven wherthese variations @renot linear forkr, Er and

rT, the conclusions from the sensitivity study usir¢0% remairvalid as the variatios

were monotoaus

Er .
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Figure B: Velocity variation divided by theY DULDWLRQ LQ WKH PHFKDQLFDO SD
ranging between 10% to 50%.

Considering the inverse problem in the case of standing tree acoustical tomography

imaging, when passing from the velocity value to the mechanical parameters, the initial
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2.4. Sensitivity analysis of the Christoffel equation

problemcounts for 5 parameters (4 elastic parameters and the density) asseitiaéaeth

pixel of the tomogram. Bearing in mind the low sensitivity @fandGrrin Equation13,

these two parameters would be determined lethprecision A first approximatiorwould

EH WR VHW WKHVH WZR SDUDPHWHUV WR JHUR WR ILQG LC
moduli, and then to use this solution to attempt again the inversion, but this time with all
variables. To establish the velocity variationthis case,lte rrandGrrparameters were

set to zero, and the corresponding velocity was compared to the velocity obtained using all
the parameters. Figul& presents the variations obtained for Spruce and Oak species. As
expected, a higher variation of velocity svabtained whengrt was nil compared tG&rr.

When both parameters were nil, the variation of velocity was maximized for angles rating
between 50° to 60°. However, even when the sensitivitygptind Grron the velocity
computation was low compared Youn J froduli, the maximum velocity variation was
circa-20% for Spruce aneB0% for Northern red oak. Thus, it was concluded tkRaand

Grt cannot be neglected, even in first approximation, faraiqni3.

Variation of velocity for Spruce

Variation of velocity for Oak
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Figure I7: Velocity variation (in percentageylsetting rrandGgrparameters to zero for (a) Spruce
and (b) Oak specidg&spinosa et al. 2017a)

When considering the anisotropy of wood in the transverse cross section of a tree,
the propagation paths of acoustic waves are curved, and not straight rays as they are for an
isotropic material (Espinosa et al. 2017b)As a result, the notion of wave velocity
(considered as an intrinsic parameter of the material) associated with one pixel of the
tomogram has nphysdcal sense for anisotropic material, because the velocity depends on

the direction of propagation. The only intrinsic parameters to be considered should be the

33



2. WOOD AND ULTRASONIC WAVES: THEORETICAL ASPECTS

elastic parameters and the density (5 intrinsic parameters). Under consideration that the
knowledge on the specific stiffness (stiffness matrix divided by the densigyjasghto
allow for a tree health assessment, the number of unknowns for each pixel is reduced to
four. In this case, the inversion process will lead to 4 tomograms assowitticithe 4

parameters.

2.5. Synthesis

The anisotropy of wood in the radi@ngential plane directly influences wave

velocity depending on the direction of propagation. The evolution of wave velocity
according to the direction of propagation depends on the considered species, with a
differencebetween softwoods and hardwoods. The radial directionQ°, corresponded
WR WKH IDVWHVW ZDYH YHORFLW\ 7KH VKHDU PRGXOXV DC
for the minimum velocity of softwoods, ranging from 55° to 66°. For hardwoods, the
minimum velocity was in the tangential direction ( 90°). From the sensitivity analysis
of the Christoffel equation, it was found that the order of influence of the mechanical
parameters on the velocity variation, from largest to smallest B&asEr, rt, Grr
Considering an initial variation of 10% for each parameter, the maximum of the resulting
velocity variations was 7 times higher f6r than forGrr <R XQJYV PRGXOL LQIOXHQ
maximized when the direction of propagation was close to the tangentedial axis.
SRLVVRQTY UDWLR DQG VKHDU PRGXOXV LQIOXHQFHYV ZHUH

f WR f (YHQ LI WKH LQIOXHQFH RI WKH 3RLV¥RQTV UDWI
and Grt parameters cannot be neglected in the Christoffel equadisolve the inverse
problem of standing tree tomography.
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3. CONFIGURATION OF THE ULTRASONIC
MEASUREMENT SYSTEM

3.1. Introduction

The aim ofthis chaptewasto compare several signal shapes and TOF detection
methods, for setting up an ultrasonic chain of meamentto performa nondestructive
evaluation of standing trees. Impulsive and encoded signals were tested, combined with
three different methods for TOF estimation: Threshold, AIC met#mudtrosscorrelation.

First, the experimentalsetting is presentedncluding an electrical specification for the
ultrasonic chain, the excitation signmrametersand a description of the TOF detection
methods. Then, energy and sigt@hoise ratios are computed for all configurations. A
time-frequency analysis usirthe Gabor transform is performed, aiming to inspect energy
distribution. Lastly, wave transit times are reported, computing dispersion among

experiments repetition, to establish whggttingleads tahe highestaccuracy.

3.2. Methodology

A standing planéree Platanusx acerifolia (Aiton) Willd) was tested (Figureg).
Probes distance above the ground was 120 cm. The trunk diameter was 23 cm, with a
regular crossection. Tests were conducted tine dormancy period (winter). Two
ultrasonigpairs of sensaos were used: Physical Acoustics Corporation B3d R6.. Sensor
R3. has a main resonant frequency at 36 kHz and two secondary resonant frequencies at
22 kHz and 95 kHz; operating frequency range indicated by the manufacturer is from 25 to
70 kHz. Sensor R6has a main resonant frequency at 60 kHz and two secondary resonant
frequencies at 37 kHz and 97 kHz; operating frequency range indicated by the manufacturer
is from 35 to 100 kHz. These sensors are intended for general purpose ultrasonic testing,
presening a solid stainlessteel body with a flat ceramic face. A fliwduplantwas used.
The position of the sensor actingthstransmitterwas fixed; the receiver position changed
in 4 equidistant points at angles found along half the trunk circumferéste€(°, 135,
and180C.
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3. CONFIGURATION OF THE ULTRASONIC MEASUREMENT SYSTEM

Figure B: Platanusstanding tree testd@&spinosa et al. 2018)

3.2.1. Ultrasonic measurements

Ultrasonic chain of measurement is presented in Fig@reElectrical signal
generator and oscilloscope corresponded to a Picoscope 2000 (emission sample rate 1 MHz,
reception sample rate 4 MHz), with an interface to a personal computetd@odaisition.
Input amplifier reference was FLC Electronics Single Channel High Voltage Linear
Amplifier AB00 (bandwidth DC to 250 kHz, 40 dB amplification). Output amplifier was
Physical Acoustics Corporation AE2A/AE5A wide bandwidth AE amplifier (badthwp
to 2 MHz, internal 40 dB preamplifier).

Figure19: Ultrasonic chain for measuremelfEspinosa etla2018)

This chain of measurement acts as a continuous linear stationary causal filter, then

the input signas(t) and the output signalt) are related by a convolution function:

UP L ::0f0Q 0D, ;:P, (20)
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wherehn is the response of the trex}) is theelectricaly generated signal, and
he*(t) is the equivalent electracoustic pulse response. The eleetcoustic pulse response
he*(t) is the auteconvolution of the transducers impulse respohg®, including he
response of the amplifier, and considering the transmitter and receiver transducers

responses with coupling to be identical.

The five signal shapes tested were an impulse (short duration rectangular pulse),
pulse train, Gaussian pulse, h@l&ussian psle and chirp (Figur20). The short duration
rectangular pulse, pulse traiand half-Gaussian pulse present a fampulsive start,
resulting in a large band frequency response, with several resonant lobes in the case of the
pulse train and a soft poweeachy for the halfaussian pulse. The Gaussian pulse and
chirp signal have a sinusoidal shape, multiplied by a Gaussian window, resulting in a
concentrated power spectrum around a central frequency (resonant peaks for the sensors),
with a narrower bandwitit for the chirp signal. Parameters fixed for the signals are
presented in Tabl®é. Peak voltage for all signals was set to 2V (maximum for signal

generator). Signals repetition period was fixed+8 ms.

Figure20: Signal shapes tested: (a) impulse,dblse train, (c) Gaussian pulse, (d) HaHussian
pulse and (e) chirp signéEspinosa et al. 2018)
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3. CONFIGURATION OF THE ULTRASONIC MEASUREMENT SYSTEM

Tabe 5. Signal parameter3s presents the duration of signal portidfc indicates the central
frequency of every signakco indicates the cudff frequency range-8 dB points around central
frequency). Fothechirp signal, 0 )presents the bandwidth, arad the central frequency.

Signal Expression S3DUDPHWHUV | SDUDPHWHUYV |
Impulse LPLTr 6 (6 us 6 b s

URL DrS L PMr

(? K[0 90.159] kHz (? K[0 90.159] kHz

Pulse For one period6 LL s B? (236 kHz Fc: 60 kHz
train

Lp L \SE! OB Lt 6 083 s (3 Periods) 6 060 s (3 Periods)

o rLIPAGLt

(? K[29.39 40.20] kHz

(? K[49.75 68.01] kHz

Gaussian NP L

(2 36 kHz

Fc: 60kHz

pulse O EtRBPAS 6
6 O139 us (5 periods) 6 83 ps (5 periods)
(? K[26.46 45.54] kHz  (? K[44.09 75.90] kHz
Half - DNP L \NrR LLPIZ)Paa (236 kHz (260 kHz
Gaussian
pulse 6 069 s (2.5 periods) 6 42 ps (2.5 periods)
(? K[24.20 55.28] kHz  (? K[24.50 81.38]
Chirp ?.P L ?K:0e BRPE (236 kHz (2?60 kHz
64;AQ? ;6
(: 28kHz (: 48kHz

BPL:BF a;l,—;Ea

B: 22kHz, B; 50 kHz

6 045 s (10 periods)

(? K[32.57 40.04] kHz

B: 36kHz, B 84 kHz

6 27 us (10 periods)

(? K[54.55 67.2PkHz

For every sensor position and signal shape, ultrasonic measurement was repeated
10 times, removing and replacing the transducers. For the signal amplitude measurements,
the rootmeansquare voltage (RMS) and the sigt@hoise ratio (SNR) were computed.
RMS voltage was obtained as:
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3.2. Methodology

. 5 & 21
B eil L 85 ASe U ° (21)
with N as the signal length. SNR was computed as:
504U L trz St (22)

: £ R
AL
where is the noise, estimated by selecting the first signal portion before the arrival

time.

3.2.2. Time-of-flight detection methods

Threshold

The tiresholdevel for the received signal had to be defined above the noise level
(Arciniegas et al. 2014aJ he threshold level is defined to loéimes the standard deviation
of the noise, withm as a userdefined parameter. For the experiments, this value was
constant and fixed by trial and error to 8. TBRhen selected to be the first time point

wherethe signalis above the threshold level.

AIC method

This method assumes thtite signal can be divided into two local stationary
segments, before and after the onset time, each one modeled as an asicequ@Esess.
The time instant where the Akaike information criterion (AIC) is minimized, corresponds
to the optimal separation between noise and signal, this is, the ons@taneheriau et
al. 2012a) For a signal divided at poiktinto two segmentg; (beforek) andy: (afterk),

the AIC criterion is computed as:

#H+967L & %°: U E:0FGZ %°%:\;; (23)
where £ corresponds to the variandgOF value is obtained by founding the time

point where the AIC criterioreaclesthe global minimum.

Cross-correlation

When a recognizable signature is sent through the media, such as chirp signal, input
and output signals delay time can be obtained uswgscorrelation(Pedersen et al. 2003;
Lasaygues et al. 2015; Rouyer et al. 20IHe maximum value for the cressrrelation
function between two signals indicates their defiaye. Normalized crossorrelation

function is:
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3. CONFIGURATION OF THE ULTRASONIC MEASUREMENT SYSTEM

c
N, SHPL S_I OGUGF 1 (24)
whereEsandEy FRUUHVSRQG WR WK N isthelspbeOdngthH QHU J\ DQG

3.3. Results

3.3.1. Signal amplitude measurement

Figure 21 presents the root mean square voltage (RMS) mean and standard
deviation values, for the received signals, for all the experiment configurations.
Correspondingly, Table 6 summarizes the RMS values for the five signals, sorting by the
RMS mean value in desoding order. Except fothe pulse train signal, almost all
configurations that used sensor Reéesulted in larger RMS values than the .R3
counterpart. Receiver angles with larger RMS values were those locat€daaid9035.
For the R3 sensor, the signals presenting an impulsive behavior (pulse trangduakian
pulse andimpulse) resulted in more energetic received signals. Chirp signal received for

both cases ranked in the last positions.

Chirp Half-Gaussian Impulse Gaussian Pulge Train
0.3
S oo I Sensor
o R3a
=
r 017 n P | [ ; M Rea
| i i s ol il . DO
0.0 {=a==t= - I- Ii i I— i * = 2 T Ex
45 90 135 180 45 90 135 180 45 90 135 180 45 90 135 180 45 90 135 180
Angle

Figure 21: Mean values for (a) RMS, arfl) SNR, for all configurations. Error bars prestha
standard deviatiorf 1(Espinosa et al. 2018)

Table 6: Mean and standard deviation of RMS values for received signals, sorted from higher to

lower.
Sensor Signal Sy mv) [:~ye;(mV)
3alpha Train 90.6 74.4
Half Gaussian pulse 56.7 37.0
Impulse 54.8 37.8
Chirp 30.5 17.1
Gaussian pulse 29.4 111
6alpha Half Gaussian pulse 161.3 106.8
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3.3. Results

Gaussian pulse 116.6 97.4
Impulse 86.3 73.1
Train 47.9 41.6
Chirp 40.1 22.4

Table 7 presents the output/input ratio for the RMS voltage applied and received at
the transducers on the tree. Input RMS voltage corresponds to the excitation(sjgftar
the 40dB amplifier applied to the US transmitter; output RMS voltage cooredpto the
signaly(t) before the 4@B amplifier and obtained in the US receiver. It is important to
consider that the transducer impulse response will change the signal applied to the tree.
Using the chirp signal resulted in a lower RMS ratio for betisers, and signals such as
the half Gaussian pulse and the impulse resulted in the larger ratios.

Table 7: Ratio [dB] between outpw({) (Vrms in [MV]) before 40 dB amplification) and inpus(f)

(Vrms in [MV]) after 40 dB amplification) RMS valuesrfall signals, sorted from higher to lower.

Sensor Signal ™S Y:§ Ratio
3alpha Impulse 50.0 54.8 -79.2
Half Gaussian pulse 54.9 56.7 -79.7
Train 139.6 90.6 -83.7
Gaussian pulse 78.5 29.4 -88.6
Chirp 141.9 30.5 -93.6
6alpha Half Gaussiampulse  45.0 161.3 -68.9
Gaussian pulse 60.8 116.6 -74.3
Impulse 50.0 86.3 -75.2
Train 109.5 47.9 -87.1
Chirp 109.4 40.1 -88.6

Figure 22 presents the signéb-noise ratio (SNR) mean and standard deviation
values. Table 8 summarizes the SNR values, sorting by SNR mean value in descending
order. Average SNR valuéar all receiver angles ranged between 20 and 40 dB, indicating
alow presence of nois@he mly exceptioncorresponddto chirp signal when using the
R6. located at 45 where mean SNR was around 10 dB. As obtained for the RMS
measurements, SNR values for the sensor W€re higher than those obtained for R3

Impulsivelike signals, as the pulse train and impulse, presented the highest SNR ratios.
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Chirp

Half-Gaussian

Impulse

Gaussian

Pulse Train

Ll

i

4—5 QU ‘135 180

45 QU 135 180

45 00 135 180
Angle

45 QU ‘135 180

QU 135 180

Sensor

Figure 2: Mean values for SNR for all configuratiol&ror bars presetihe standard deviatianl
(Espinosa et al. 2018)

Table 8: Mean and standard deviation of SNR values for received signals, sorted from higher to

lower.

Sensor Signal ¥ ¥(dB) 1:02~;(dB)

3alpha Train 33.11 6.48
Half Gaussian pulse 29.00 7.09
Impulse 32.67 5.31
Chirp 27.58 7.21
Gaussian pulse 29.77 5.08

6alpha Half Gaussian pulse 30.51 6.90
Gaussian pulse 35.02 11.75
Impulse 40.52 12.35
Train 47.9 41.6
Chirp 40.1 224

3.3.2. Time-frequency analysis

As the frequency contents of the received signals variedioverwe used a time

frequency analysis to obtain a representation of the input and output signals behavior for

the ultrasonic chain of measurement. From several alternatives to pdHertime

frequency analysis, the Gabor transform was ({§aadmona et al. 28B; Qian and Chen

1999) For this study, resolution in time was set to 0.1 ms and resolution in frequency was

set to 5 kHz. The receiver angle selected for the analysis wascbBsidering it presents

the most energetic signals, with higher SNR ratios.
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3.3. Results

Figure B and Figure 2 present first the input and output signals on time domain,
then their frequency spectrum and finally the input and output spectrograms, for sensors

R3. and R6. respectively.
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Figure B: Time- IUHTXHQF\ DQDO\VLV IRU VHQVRU #fhetime @8tV DQG R)>
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Signals intime domain Frequency spectrum Spectrogram
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Chirp isthe only signal able to concentrate the energy around the central frequency
for both sensors on the output signal. Gaussian pulse presented power concentration at

frequencies near to the excitation central frequencies only for senspmi®an power
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frequencies did not correspond for sensor .R8here energy dissipated at different
frequencies from 60 kHz (mainly 37 kHz and 97 kHz). The other signals presented energy
concentration mainly on the other sensor resonant peaks: fat®® third resonant peak

(95 kHz), and for R6in first and third resonant peaks (37 kHz and 97 kHz).

3.3.3. TOF determination

Time-of-flight was obtained for all the experiment configurations, using the
Threshold and AIC method. Cressrrelation was used exclusively for the chirp sign
given that is the only excitation signal with a similar shape on the output for both sensors,
and therefore, chirp signal results are studied separ&ietythe sensor R3 Figure25
shows the mean and standard deviation values for the TOF estimated using the threshold
technique and AIC methods, for all signals except chirp. Mean TOF values ranged between
65 sto 143 s. The dfferencein mean values estimated with the two methods alavays
inferior to 1.4 s. Standard deviation ranged between 0s30 8.8 s for the threshold
method and 0.2sto 6.7 sfor the AIC method.

Threshold method AIC method
Hali-Gaussian Half-Gaussian
180 . 180 L]
135+ . 135+ .
904 . 904 .
454 - 454 -
Impulse Impulse
180 . 180 4
1354 . 1354 .
90 4 . 90 4 .
454 457
Q@ Q
2 Gaussian 2 Gaussian
< <
1804 —— 1801 ——
135+ ] 135+ .
904 ——— 90 -
454 —— 45 ——
Pulse Train Pulse Train
180 4 . 180 4 .
135+ (] 135+
904 L] 904 .
454 = 454 ®
80 100 120 140 50 80 100 120 140
TOF (ps) TOF (ps)

Figure 3 OHDQ 72) YDOXHV XVLQJ WKH 7KUHVKROG PHWKRG OHI

Error barsS U HV HE3pihoSA et al. 2018)

To obtain a clearer view of variability on the mean TOF estimatioryr&ig6é
presents the relative standard deviation (coefficient of variation), computed as the standard
deviation divided by the corresponding mean value, and presented as a percentage.
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Concerning the angle, variations were larger whersémsorposition antge was 48, and
decreased as this angle approached’,180s is the sensor located opposed at radial
direction. Lower variability was obtained for impulse signal, with coefficients of variation
ranging from 0.33% to 1.67%lhe Gaussiarsignal presented the larger variability,
considering that the AIC and threshold methaaksbetter with annitial impulsive signal.

Threshold method

Half-Gaussian Impulse Gaussian Pulse Train
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~ 8-
-ag‘
B 6
g
g 4
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w 24
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45 90 135180 45 90 135180 45 90 135180 45 90 135 180
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Figure &: Relative standard deviation for TOF values using the Threshold method (uff)eand
AIC PHWKRG GRZBspihésh etal. 2018)

,Q WKH FDVH RI WK H2¥pteQeviR the Snean phd 3tahdhard deviation
values for the TOF estimated using the threshold technique and AIC methods, for all signals
except chirp. Mean TOF values ranged betweensd® 143 s, equivalent to the values
for sensor R3. The dfferencein mean values estimated with the two methwds always
inferior to 1 s. Standard deviation ranged between G%0 5.2 sfor threshold method

and 0.5 sto 5.7 sfor the AIC method, slightly lower than the difference for sensor.R3

Figure 28 shows the relative standard deviation presented as a percentage. For the
receiver position angle, variations were larger whersémsoiposition angle was 4%and
decreased as this angle approached’.18oefficients of variation obtained for Iha
Gaussian, impulse and pulse train signals were similar, always inferior to 3% for both AIC
and threshold approacheBhe Gaussiarsignal presented the larger variability again,
reaching7% when thesensowas located at 180
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Figure B: Relativestandard deviation for TOF values using the Threshold method (up) and AIC
PHWKRG GR ZEspihésh etal. 2018)

TOF values for chirp signal were obtained using the three detection methods,

including crosscorrelation. Figure @ presents the mean and standard deviation values for
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both sensors. Mean TOF values for Ranged between 85s to 152 s using cross
correlation and 120s to 160 s for the other two methods; for Réanged between 94

to 150 s with crosscorrelation and 90s to 150 s with the other two method%he
standarddeviation for R3 ranged between 0.48& to 0.79 s using crosgorrelation and

5.7 sto 33 s for AIC and threshold methods; for R@&nged between 0.3k to 369 s
using crosgorrelation and 3.34s to 19 s for AIC and threshold methods. Chirp signal
presents small amplitude variations at the beginning, davitired condition when using
AIC and Threshold methods, where a first energetic arrival is expettecfore, the
method presenting less variation is the cromselation method. Figurg0 presents the
relative standard deviation values, where the large difference for-avostation
compared to the other two methods is clearly observed: forsB®or the coefficient of
variation using crossorrelation was smaller than 1% while for the other two methods
ranged between 3.8% to 27%; similarly for R6using crossorrelation resulted in a
coefficient of variatiomanging between 0.2% to 3.9% compared to a range going from 3%
to 12.7% for AIC and threshold methods.
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Figure29: Mean TOF values for the chirp signal using the Threshold, AIC and-coossation
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Figure30: Relativestandard deviation for TOF values for the chirp signal usieg hreshold, AIC
and crossFRUUHODWLRQ PHWKRGYV IR@spnosaXt&al. WABE 5 . GRZQ

3.4. Discu ssion

Signal energy received in angle®4&as significantly lower than those obtained for
the other angles, even if this position implies the shorter distance between transmitter and
receiver tested. The transmitter placed at¥85ulted generally in tHarger signal energy
received. Ultrasonic beams for these sensors are affected by the transducer directivity
pattern, resulting imigherradiation intensity in the frontal direction of the sensor, that is
orientated inthe radial direction in the experients. Another effect is related to the
propagation of waves in wood: wood anisotropy affects wave propagation, including
curvatureof ray paths fronthetransmitterto receivers, with respect to straight line paths
for an isotropiccase(Schubert et al. 2008; Gao et al. 2Q14)

Signals with an initial impulsive response (impulse, pulse teaidhalf-Gaussian
pulse), resulted ifarger energy received, but this energy was spread over several frequency
bands, as seen on the tifnequency analysis, where the only signal able to concentrate the
energy around the sensor central frequency was the chirp, the same one that presented a
lower received energy. So, the compromise implies higher received energy but widely
spread frequency spectrum or lower received energywelltconcentratedrequency

spectrum.
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Threshold and Akaike methods for TOF detection presented highly similar yesults
as observed in a previous stydyciniegas et al. 2015yhere it was shown that those two
methods performed in agreement when the received signals presented SNR ratios above 20
dB. However, Akaike method preserds advantagéhat it does not need useéefined
parameters, like th@value in threshold cagparagraph 3.2.2which variation will result
in a different TOF estimation. Inaccuracy increases usie@\C method when th&NR

is very low, i.e. below 10 dB.

For the chirp signal, the method that presented the lower variations was the cross
correlation. Among the other signals, the combination-hhpulse presentethe best
results. Figur81 presents the comparison between the relative standard deviation values,
for the ImpulseAlC setting and the chirprosscorrelationFor most cases, the chigposs
correlation setting resulted in lower variation for TOF estimation. The only case where
chirp-crosscorrelation combination was inferido ImpulseAIC corresponded to the
sensor R6 located at 4% In that casethe signatto-noiseratio was the lower for all
configurations, near to 10 dB, while impulse presemate8NR with a mean value of 25
dB.

R3a R6a

o
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@ Akaike—Impulse
A Xcross—Chirp
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;%]
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Figure 31: AIC-Impulse and ChirfCrosscorrelation comparison for TOF relative standard

deviation valuegEspinosa et al. 2018)

When comparing the difference between the TOF mean values obtained with the
R3. and R6. sensors, the Aldmpulse combination resulted in a lower difference, as
presented in Table 9. A dispersion effeecame noticeable when using the chirp signal,
that could affect the TOF measurements. When the medium is dispersive, wave propagation
velocity depends on the frequency, resulting in an output signal that spreads out in time. To

visualize this effect, thpeaks of the Gabor transform were obtained for both input and
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3.5. Synthesis

output chirp signals, giving an idea of instantaneous frequency for different time instants,

as shown in Figur82 for the case of the sensor RB®cated at 135 Input frequencies

present a liear distribution on time, however, the instantaneous output frequencies delayed

more for higher frequencies.
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instantaneous frequency from Gabor transform for input and output signals.
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Several factors influencéhe accuracyon the timeof-flight determination the

excitation signal characteristics in energy and frequency, the transducer frequency

response, the wood inner variability, the coupling between the sensor and the tree including

the bark influence, the effect of tt8\NR on the TOF estimation, among othénssitu

testing was performed comparing five different excitation signals, two different transducers

with resonant frequencies at 36 kHz and 60 kHz, 4 different receiver positions around the
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3. CONFIGURATION OF THE ULTRASONIC MEASUREMENT SYSTEM

tree and three TOF detean methods. Among all configurations, the one presenting less
variation on the TOF measurements was the combination of an encoded excitation signal,
such as chirp signal, with cressrrelation to measure the time deldis combination

was used fothe experimentaltesting in the following chapter€hirp signals deserve
attention considering that this signal was adjusted to the transducer response and the
received signals concentrated energy in frequency bands around the resonant frequency of
sensorsThe sensor position affected the consistency on time measurements: as the sensor

position angle approached to the radial direction, the TOF values presented less variation.
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4. WAVE PROPAGATION MODEL BY A
RAYTRACING APPROACH

4.1. Introduction

This chaptedescribeshe influence of wood anisotropy condition on the ultrasonic
wave propagation, by timef-flight estimation using the raytracing approach. The
wavefront construction method was adapted to the @®s$on tree charactstics.
Healthy and defective cases were simulated. Circular defects were testedaredand
off-centeredpositions. The raytracing approach was compared with a FEM model,
contrasting wavefronts and TOF estimatioriSxperimentalvalidation was perforexd,
usingoak and ash trunk sections, simulating defects by drilling circular holes. A disk from
isotropic material was used for comparison. THofdlight measurements were obtained
for all the configuratiors and for simulated and experimental data. Tffece on the

tomographic image reconstruction is discussed.

4.2. Raytracing modeling

4.2.1. Method description

A circular array of transducers surrounding the wes consideredlhe imaging
plare (the plare of the array) is orthogonal to the longitudinal axis ofttkes considering
thereforea 2D-problem. This is a conventional hypothesis for U§Blicur 2003b)which
in practice relies on the use of cylindricafycused transducers. In the same way, pure
compression waves were consideregtglecting all other secormmtder phenomena
(refraction on the defect, mode conversion, amplitonbelification, and dispersionNo
shear waves wergudiedin the sampleegardles®f the incidence conditions. Therefore,
only the timeof-flight (TOF) of the acoustic wave was taken irtonsiderationand

processed.

In the raytracing approximation, usg the wavefront construction method, the
current wavefront for a travel time€ is calculated from the previous wavefront with a
displacement magnitude equal @ @ as a continuous envelope (Erg33). The \elocity
value V was obtained using the Chrisfef equation (Equation 3), as presented in
Chapter2. Time step 0 Was a fixed valueThe algorithm creates new points when the

distance between two subsequent points is larger than a predefined maximum distance, set
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4. WAVE PROPAGATION MODEL BY A RAYTRACING APPROACH

to be twice the distance between twarps in the initial wavefront. When the wavefront
presents a concavity, a crossing of the normal vectors can occur in the next iteration and a
cusp appears, so the algorithm must delete crossing points. To identify crossing points, the
algorithm goes thnagh every point in the curve looking if the angle formed with the emitter

is a monotonic function. If the monotonicity is no more verified at the current point, this

point is deleted until the function becomes monotonous.

Figure 33. Wavefrontconstruction principle. Arrows correspond to the direction vector normal to

the wavefron{Espinosa et al. 2019)

Defective areaslow down the wave velocity. For this methadihe presence of a
defect, the velocity value was set to be a constant yelo&opic behavior)computedas
a fraction ofthe velocity in the healthy areBepending on the decay degree, different
percentages of reduction can be ugeut. examplein the casef a hole,velocity was set

to be thesound speed in air, 343 m/s.

The algorithm for the wavefront construction neth developed ilMATLAB
(v9.5 2018, The MathWorks, Inc., Natick, Massachusetts, United Stdtd®ws the next
steps:
|.  Load elastic constants for the materiak,Er, Grr rT !
[I.  Compute rigidity matrix C.

lll.  Define simulation parameter@as the number of points for wavefront
discretization, sensor positionthe sensorto act asan emitter, defect radius,
defect position.
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4.2. Raytracing modeling

IV. Computethe time stepd W
V. While (not the final wavefront: iterate over the wavefronts)
a. Iterate over the points in theavefront:
I. Find the direction of the normal vector.
ii. Find the direction of the R axis.
. &RPSXWH WKH DQJOH

Ilv. Compute the phase velocity usitige Christoffel equation
(Equation13).

v. Compute the spatial displacements.
b. Delete crossing points.
c. Smooth curve.
d. Update wavefront.
e. Evaluate ifafinal front
VI.  Find the rays and Time of flight associated

To determine the time step Yr every simulation,ie smallest distance between
sensors and therefore the smallest TOF to be computed were condtdernedtance,he
distanced:-» between sensors 1 ané@responded to the smallest TOme angle formed
between these two sensors is near to the tangential direction (for 16 sensors, th&s angle
near to 80°)then the smallest TOF can bpproximatedoy using the velocity for the

tangential directioVr. For an errobelow 10%, the time step was defined as

. @6 (25

4.2.2. Methodology for the numerical testing

To evaluatéhow anisotropy affects theavefrontshapecompared to the isotropic
case the samevood elasticconstantaused for the sensitivity analysis of the Christoffel
equation (Section 2.4, Table R)ere selectedFor comparison, elastic constants for an
isotropic material (PVC) were also defingciardarelli 2008)Table D sums ughewood
species selected for this studydered by densitygshowingtheir elastic constants and their
density including the isotropic materiaFor softwood and hardwood, ongesies witha

low, medium,and high anisotropy ratiavere chosen,for a total of 6species Trunk
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4. WAVE PROPAGATION MODEL BY A RAYTRACING APPROACH

geometry consisted ongylinder, with a diameter of 30 cm. The number of sensors was
fixed to 16.

Time step 0 Yor the selected species randemm 4 usto 5 pys. To assess the effect
in the TOF estimation when a defect is present in the trunk, and the influence of the position
and size of the defect, defects were simulated by defining a circular region with three
diameters (2 cm, 4 cnand6 cm) and in diffeent positions in the trunk, in horizontal,
vertical and diagonal offsets from the center. To try different decay stages, the velocity was

reduced by a percentage going from 30 to @%adial velocity

Table D: Elastic constants for 6 wood species amsbiropic material

Species/Material Type Density Q- Oe S_¢ Ce 0O- Qe
(kg/m®  (MPa) (MPa) (MPa)
Spruce, Sitka Softwood 448 927 511 36 0.44 181
Douglasfir Softwood 538 909 668 94 0.39 1.36
Pine, Longleaf  Softwood 661 1537 829 181 0.38 1.85
Yellow-poplar Hardwood 470 1103 516 132 0.70 2.14
Sweetgum Hardwood 582 1429 622 261 0.68 2.30
Oak, red Hardwood 706 2118 1128 319 0.56 1.88
PVC Isotropic 1550 2100 2100 800 031 1
4.2.3. Results

Wavefronts shape: orthotropic vs. isotropic

Figure34 showsthewavefrontsobtained for the isotropic material compared to the
orthotropic(spruce in this casefs expected, thevavefrontsin the isotropic caseere
perfectly circulay corresponding toconcentric circles around the emitter. Fire
orthotrgic case a deformationwas clearly seen presenting driangle shapéor the first
wavefronts showinga faster velocity value in the radial direction; after passing the pith
waves presenteda spherical shape. Thpropagation anglesvith slower velocities
corresponddto values closer to the tangential direction. Whenwthaeefrontpasse the
pith, the direction of propagation coinceieith the radial direction, which means higher

velocity values in this area.
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4.2. Raytracing modeling

(a) (b)
Figure 34. Wavefront for (a) isotropic (PVC) and (b) orthotropic (Spruce) materi&sr

visualization purposes, not all wavefronts are shown.

Rays and TOF estimation for a healthy case

For wood the ray paths between the emitter and the receivene not straigt.
Figure 35 presents the corresponding ray paths for the simulation of isotropic and
orthotropic materials using 16 sensdrirst consideration with curved rays is that the
distances traveled differed from the straighé distance between emitter amtteivers. A
faster path may result inlangerway. To compare, the distance from each receiver to the
emitteris presented for isotropic and orthotropic cases in Figér& he distances for the
orthotropic case were longer than for the isotropic caséicplarly for sensors 6 and 7 and

their symmetric pair 11 and 12.

(@) (b)
Figure 35. Wave ray paths frorthe emitterto multiple receivers in (a) isotropic (PVC) and (b)

orthotropic materials (Spruce).
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Figure36. Distances from receivers to thmitterin isotropic and orthotropic cases.

Figure37 shows the ratio between the curved distances traveled by the ray and the
straightline distances from the emitter to the receivers 2 t@dhgideringsymmetry,
sensors 10 to 16 are equivalents). Ferghkxspeciesthe sensor 6 and 7 (thus 11 and 12)
preseng¢din average variations of 5% and 6%. The maximum variatiasobtained for

sensor 6n the Spruce species, equal to 8%.

1.1 T T T T T T

—+—Spruce
—+—Douglas
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Figure37: Relation between curved ray path distances with straighdlist@nce for all species

The TOFvaluesestimated for every receiver are presented in Fig8rdor all

speciesand the corresponding mean valt@shardwoods and softwoodsor the sotropic
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4.2. Raytracing modeling

casethe TOF value wasonstarlly increasing until arriving at their maximalin the radial
direction (sensor 9)-or the othotropiccases, TOkcreased up to the fifth sensor but time
values for sensors 6 to 9 were almost the same, creating a plane region in the TOF curve.
Average TOF values foloftwoodwere larger than values for hardwoawnsideringhat

maximum velocity values for hardwoods were higher than the values for softwoods.
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Figure38: TOF measurements (a) for all species and (b) mean values for softwood, hardwood and

isotropic.

Wave \elocity valueswere thercomputed Therewere two possibilities: to use the
distances of the curvedhjectoriesor to use thetraightline distancegisotropic hypothesis
used in classic tree tomography). Both situations are represantEdyure 39, for
softwoods and hardwoods. The velocities computed usingstiiagghtline distances
corresponded to lower values compared to the velocity values using the curved distances.
Fortheisotropic case, the velocity vakiemairedconstant for althesensorssincewaves
propagate with the same velocity in all directions. #h@rorthotropiccase the velocity
values were higher in the radial direction, with the maxinuatwe found athe sensor
located on the opposite side of tlrank (sensor 9). Maximum values were higher for
hardwoods. The minimum value changed its position for hardwoods and softwoods: for
hardwoods, this valueaslocatedat sensors orientated closer to the tangential direction
(sensors 2 and 16); for softwa® this valuevas insensors 3, 4 or 5 (depending on the
species) and their symmetric pairs 15, 14 or 13, which pessantangle between 45° and
68° with respect to the emitteConsidering the velocity values obtained with the curved
rays as the corot value Figure40 presents the relative errfar the velocitiesonsidering
the straighiine trajectories, as the ratio between the absolute difference of velacites
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4. WAVE PROPAGATION MODEL BY A RAYTRACING APPROACH

the velocityconsideringherealcurved trajectoriesThe values and shapes atentical to
the obtained in the distance comparison in Fi§dteshowing a larger variation for velocity
estimation in sensors 6 and 7 (and hence sensors 11 and 12), with a maximum of 7% for

hardwoods and softwoods.
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Figure39: Estimated veldty value using the real path distance (continuous line) and the straight

line distance (linavith dotg for (a) softwoods and (b) hardwoods
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Figure4(Q: Relativeerrorfor velocity estimation using straighihe distances for all species

Effect of the presence of defective areas
Defects inside the trunk resulted lmw-velocity propagation areas. Those areas
changed the ray paths trajectories, compared to the healthy trunk case. Three factors were

analyzedthe sizeand position of the defect aadlifferent decaylegree represented hy
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4.2. Raytracing modeling

different velocity reduction To perform the comparisosimulationswere carried out in
one wood species (Spruce, selected by presenting an intermediate anisotropy ratio) and the

isotropic material (PVC).

First, the déect size was change@ircular defects were chosemith diameters 2,
4 and 6 cmThe defectwas inthe center of the trunkand the velocityeductionin the
decay regionwas fixed to 50% of the velocity valum the radial directionFigure41
presentghe wavefronts and ray paths for the different defect diameters in the anisotropic
and isotropic case. As the defect size increased, the ray paths neededawrerentsto
arrive at the receivers, meaning higher TOF valuesthorthotropic casethe sasors
affected werghose labeled to 1% for the isotropic case the changes werebserved

mainly in thesensom®.

D E
F G
H I

Figure4l Wave fronts using defects with diameters-b)a4 (cd) and 6 cm (), for orthotropic
(left) and isotropic (right).
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Figure42 presents the TOF values for each defect size, for both cases. The changes
in TOF values were larger fthe RUWKRWURSLF FDVH )RU H[DPSOH WKH
for sensor 9 in orthotropic casomparing the healthy case and the bigger defset ica
the case of isotropjthe variation was near to 6 ps.
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Figure42 TOF computed in all receivers changing the defect size fart@)tropiccaseand (b)

isotropiccase

UsingtheseTOF measurementBigure43 presents the velocity estation for both
materials consideringthe distance from curved rayas for thefollowing results of this
paragraph The change in velocity valuegslarger forthe orthotropic case. The largest
variationwasobtainedfor sensor 9n theradialdirection with a difference of velocity of

227 m/s in the orthotropic case and 35 m/s for the isotropic case.

To compare the reduction in velocity #ee defect size increases, Figut8 also
presents theatio ofvelocity reduction for sensors 6 toc@mputedasthe velocity value/
of thesesensorsfor a given defect size, divided by thielocity value inthe healthy case
(Vref). For orthotropic, the velocitgecreasedlmost constantly for those sensors, with a
more pronounced slope in the case@isor 9, that decreasadl®%b with respect tdhe
reference velocity valud-or the isotropic casesmaller variationsvere obtained, witla

maximum of 3%, mostly affecting the sensor 9.

The second factor studied was the defect position. In this casefew location
was changed from the center of the trunk in three ways: first in the horizontal axis, second

in the vertical axis and finally in diagonal positions, relative to the position of the emitter.
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Figure43: (a-b) Velocity valuedor orthotropic (left) and isotropic (rightynd(c-d) ratio ofvelocity
reductionV/Vreffor the sensors 6, 7, 8 and 9

For the horizontalshift, the offset from the centerasdefined as8 cm and 8 cm,
halfway between the trunk centerdathe barkFigure44 presents thevavefrontsand ray
paths for the different defect positions in the anisotropic and isotropic case. Efyure
presents the TOF variation for each defect position, for both cases. The defects located in
the center of therank for the anisotropic materigdresenéd a higher variation of TOF
measurements compared to thetropic one For anisotropic, the TOF variation in the
centeredcasewasclose to 18%, a larger value with respect to the less than 1% variation in
the offset cases. In Figuds is presented the velocity variation for both materials, with a
corresponding maximum value (in anisotropic) for the centered case of 15%, and for the
offset cases a value lower than 1%. Therefore, when the gefgtbn shiftedowards the

bark, the velocity variations were weaker with respect tec¢éimerectase in wood.

63



4. WAVE PROPAGATION MODEL BY A RAYTRACING APPROACH

Figure44: Wave fronts using defects displaced 8 cm to the Id§) @nd displaced 8 cm to the right
(c-d) in horizontal axis, for orthotropic (left) and ismpic (right).
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Figure 45 TOF variation in all receivers for the defect changing in horizontal direction for (a)

Orthotropic and (b) isotropic.
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Figure46. Velocity values usingtraightline distances (@) and velocity relative decreasedy
for orthotropic (left) and isotropic (right).

Thedefectpositionwas shiftedn thevertical direction The offset from the center
was definedagainas-8 cm and 8 cm. Figur&7 presents thevavefrons and ray paths for

the different defegbositionsin the anisotropic and isotropic case.

Figure47: Wavefrontsusing defects located in the center of the trual)(and displaced 10 cm in
thehorizontalaxis (¢d), for orthotropic (left) and isotropic (right).

Figure 48 presents the TOF variation for each defect position, for both cases. For

the anisotropic material, as the defect position got closer to the recéeveessensors
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4. WAVE PROPAGATION MODEL BY A RAYTRACING APPROACH

were affected, as faxample in the case of +8 cm where the only sensor affected was the
sensor 9. This effect was also presented in the isotropic case but wedkgure 49 is
presented the velocity variation for both materials, with a maximum for the anisotropic case

of 15% compared t&6% in the isotropic case.
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Figure48: TOF variation in all receivers changing the defect position for (a) Orthotropic and (b)

isotropic
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Figure49: Velocity variation usingstraightline distances (@) and velocity relative decrease (c

d), for orthotropic (left) and isotropic (right).

A comparison with offsets in diagonal directions was performed, for the orthotropic

case, with respect to thentereccase. The defect center watsfted8 cm in angles from

the center of 45°, 135°, 225nd315°. Figureb0 presents thevavefrontsand ray paths for

the different defect positions. The defects with a negative offset in the vertical direction

(subfigures ¢ and d) presented less affectatidhd¢aay paths curvature compared to the
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4.2. Raytracing modeling

two cases witha positive offset. To compare the effedtjgure51 presents the TOF and

corresponding velocity variations with respect to the healthy case. The centered defect

presengd the larger variation, with @&OF change of 18%, followed by the cases waith

positive vertical offsetwith 12% variation and finally small variations ithe negative

vertical offset with less than 1% variation.

Figure50: Wave fronts using defects located in the diagonal posi{eng8cm, 8cm], (b) [8cm,
8cm], (c) [8cm-8cm] and (d) {8cm,-8cm].
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Figure51: (a) TOF and (b) velocity variation in all receivers changing the defect position in

diagonal positions
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To evaluate the variations in velocity value dependintgherdecay affectation on
wave velocity, a reduction set to 30, 40, 50, 60 and 70% were tested for wood and isotropic
material. Over 70% of reduction, the velocity for Spruce decdesisave the sound speed
in the air; under 30%, the velocitytimledecayregionwasover the velocity irthetangential
direction (1117 m/s). Figure2 presents thavavefrontsand ray paths for the two extreme
cases, this is 30% and 70%, in the anisotropic and isotropic case. In the case of wood, the
rays passed through the deff even when the velocityasreduced to 50%. In the isotropic
case, as the defect appears the rays avoided the region.

Figure 52 Wavefrontsusing defects reducing the velocity by 30%bjaand by 70% (d), for
orthotropic (left) and isotropic (right).

Figure53 presents the TOF variation for each decay percentage in both cases. The
variations on TOF values for anisotropic were larger, fro¥a t6 22% for sensor 9
compared to the variation from 2.5% to 3% in isotropic case. Also, in the anisotropic case,
multiple sensors were affected, compared to the isotropic cases where the only sensor
highly affected was the sensor 9thre radial direction Figure54 presents the velocity
variation for all decay casesd presents the relative velocity values with respect to the
velocity in the healthycase for sensors 6 to 9. Alse decay affectation increases, the

velocity values decreased, mostlysen®r 9 in the radial direction.
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4. WAVE PROPAGATION MODEL BY A RAYTRACING APPROACH

4.3. Finite elements method model comparison

The Finite Elements Method (FEM) has been widely used to study the elastic wave
propagation for isotropiand anisotropic medigmith 1975; Marfurt 1984; Serén et al.
1990; Lord et al. 1990Furthermore specific applications in wood materials have also
been presenteMackerle 2005) for example fothe mechanical characterization of a
wooden bar(Veres and Sayir 2004)r more recently fothe ultrasonic evaluation of
wooden polegTallavo et al. 2016) Nowadays, it is possible to find FEM modeling and
simulation tools that allow a fast implementation and a variety of solvers adapted to
different requirementsHere we were interested in using a FEMhodel to study the
propagation of elast waves inawood 2D cylindrical sectiorio compare and validate the
results obtained with the proposed raytracing approach.

4.3.1. Model definition

The FEM modelwas createdising the Abaqu$EA software(v6.14, Dassault
Systemes The geometrywas defined in @D planarenvironment as &ircle with a
diameter of 3@m. For the defective casa,ciralar regionof diameter 6 cm foundt the
center of the diskvas definedThe material was set to present local orthotropy, with the
rotation center defined to beetleenter of the trunk and the radial direction always pointing
from the bark to the trunk centddnlike the raytracing approach, the FEM simulation
considered the presence of shear waves and effédsfraction, diffusion and mode

conversion. Attenuatin was not considerdgurely elastic).

The elastic constants wetaken from Table Q for the six-wood speciesFor the
defectve area it was consideredan sotropic behavior. To obtain the mechanical
parameters fothe defectivaegionEiso, iso and liso, two of themwere fixed isc=0.4 and
liso !; Eiso Wasobtainedby defining a velocityn the defective regiorquivalent tc60%
percent of the maximum velocity in the healthy region

Time step was set to 0.1 p&s(for the raytracing case allow acomparison and
the total simulation time was 300 (ts observe the first arrival time for all cagd=or the
excitation, adynamic loadwas defined. It corresponded ts@uare impulse witl short
durationof 0.4 us(for convergencef the simulatioh An explicit solverwas used, with
free undary conditionsAs an impulsive signal was used for excitatio@F values for

every contour noderereobtained bysing the AIC methad
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4.3. Finite elements method model comparison

To definethe elemens size for the mesh, several experiments were peddrm
changing the element size, and the corresponding total number of elements. To evaluate
the precision of the results obtained for a given mesh, an error measure was obtained, based
on the TOF measurements as:

Ay A @i apugix (26)

p8J: L © Aragogix ]

apuRix '

Wheren is the test number andoa IS the total number of experiments, with
experiment number 1 having the least quantity of elements and experiment number 20
having the maximum number of elemeritsis the total number of nodes at the trunk

contour for the corresponding element size.

Element sizewaschosen to ranggom 1.2 mm tol5 mm, witha corresponding
total number of elements ranging from 747 to .606 in thehealthycaseand 769 to
101991 in thedefectivecase. Figur®5 shows the mean error for both cadesgthy and
defectve, for the corresponding total number of elements. The selected element size was
1.5 mm &round65.000 elements) that reduces the mean error to 0.25%.
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Defect

%
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Figure55: Convergence of the mean error depending on the total number of elements

4.3.2. Results

Wavefronts comparison

Wavefronts obtained with both methods were compared. Fisipgesents the
superposition of the simulations performed for the Spruces Sitka species for healthy and
defect cases. The border of the wave propagating on the FEM simulation agrees with the

correspondingvavefrontobtained at the same time step with thgreecing approach.
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4. WAVE PROPAGATION MODEL BY A RAYTRACING APPROACH

(c) (d)

Figure56: Wavefrontscomparisorfor healthy case (a) at 60 ps, (b) at 150 yus; for a defect case (c)

at 120 ps, (d) at 180 ps. In black: Raytracimgvefront

TOF Comparison

For the specified element size, the number of nodes in the comésE28 (one
sensor every 0.57°). To compare, raytracing simulations were performed using the same
numberof sensors, and TOF estimations were obtained for every receiver. For healthy case,
the comparisons are presented in Figuf€a) and (b); for defect case in (c) and (d). The
horizontal axisshowsthe angle in degrees between the receiver and the emitteFOe
curves obtained with both methodgeresimilar. For the healthycase expéments a flat
regionwas obtainedor receivers whose angle was lower t&3. For the defecive case
experimentsan increasing TOWalue was obtainestartingaround40° and reaching the

maximum at 0°.
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4.3. Finite elements method model comparison
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Figure57: TOFcomparison. Healthy case: (a) Softwood species and (b) Hardwood species. Defect
case: (c) Softwood species and (d) Hardwood species. Dashed lines correspond to raytracing results

and continuous lines to FEM results.

To quantify the differencbetwea the two models the mean absolute difference
was obtained for healthy and defective experiments, as presented in 38géi@ both
cases, the mean absolute difference never exceeded 3 s, that is a lower value than the time
step used for the raytracing simtigas. The mean relative difference was lower than 2%
when the angle was lower than 85Both models resulted in similar TOF estimation under
the specified mechanical parameters; however, raytracing may be considered as a less
complex technique, resulting in lower processing times. The highest differences were
obtained at the nodes found agées over 85°. In this case, the nodes were really close to
the emitter position and the TOF values were comparable to the time step for the

simulations. This considering that the number of sensors used for the simulations was high
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4. WAVE PROPAGATION MODEL BY A RAYTRACING APPROACH

and therefore distancdsom the emitter were small (in real applications, 32 sensors

corresponds$o a high value; fosimulations 628 sensors were used).
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Figure 58 Mean absolute difference between Raytracing and FEM estimations of TOF. In blue

healthy experiments; in red fdet experiments.

4.4. Experimental validation

4.4.1. Experimental setting

Healthy trunks from Oak (Quercus rubra) and Ash (Fagus sylvatica) were used to
obtain 8 wood disks (4 for each species). Oak trunk diameter was 20 cm and Ash trunk
diameter was 30 cniree agesvere 27 years andl2 years for oak andshrespectively.
Disks thickness was 3 cm for all cas&isks were debarkedThrough the experiments,
the trunk was stored with controlled temperature and sealed to reduce water loss. The room
where the disks we stored had a temperature regulation fixed to 4°C to reduce water loss
and to keep moisture content over the fiber saturation point. Disks were weighted before
and after the tests, showing that moisture content reduction was lower than 2%. The
moisture ontent of the disks during the ultrasonic tests ranked between 78% for oak
and between 35%38% for ashAfter the ultrasonic tests, the disks were stabilized at 20°C
and 65% of relative humidity to determine their density at a moisture conte2ofslr 7
kg/m3 for the Oak and 690 kg/m3 for the Ash).

Defects were simulated by drilling a circular hole, as shown inr€ig9. Three
defect diameters were tested: 2.9 cm, 5.1 cm, and 7.6 cm. The defects were tested in two

positions:centeredfor oak diks) andoff-centeredfor ash disks). Ultrasonic tests were
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4.4. Experimental validation

performed in 16 positions around the wood disks. The transmitters were placedjaal
distance between each other all around the trunk. To comparamigbtropiamaterial, a
PVC disk was u=d (Figuire60). PVC dsk diameter was 30 cm with a thickness of 3 cm.

Figure59: Oak disks tested: (a) Healthy;dbcenteredlefects with diameters 2.9, 5.1 and 7.6 cm.
Ash disks tested: (e) Healthy,-dj off-centereddefects with diameters 2.9, 5dnd 7.6 cm
(Espinosa et al. 2019)

Figure60: PVC disk for comparison wittheisotropiccase. Disk diameter of 30 cm aathickness

of 3 cm(Espinosa et al. 2019)

The ultrasonic chain of measuremevrds setup as presented in Chapter 3. TOF
measurements were repeated 16 times and the average values were used; relative standard

deviationvalues were around 10%.

For the raytracing simulations, elastic constants and density values for both wood
specieqat 12% moisture conténtvere obtained from published ddtauitard 1987)and
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4. WAVE PROPAGATION MODEL BY A RAYTRACING APPROACH

for PVC from the Materials Handbodardarelli 2008)and they are presented in Table
11. For wood, elastic constangs, Er, andGrt, and density!, werecorrectedto consider

the moisture contenwvhen green, using the correction equations proposed by Guitard
(Guitard 1987)the Wood HandbookRoss 201Q)and SobuéSobue 1993)for moisture

fluctuations beyonthe fiber saturation poir{80%).

Tablell: Elastic constants used for the #tagcing simulationsWood parameters at 12% moisture

content.

Type E(kg/m3) qg-(MPa) g¢(MPa) s_¢(MPa) GC¢

Oak 570 1180 614 319 0.56
Ash 680 1540 820 280 0.68
PVC 1550 2100 2100 800 0.31

For the PVC case(l Avassetto 4.3 ps. For Oak,i Avassetto 3.3 us and for Ash

was set to 4.9 pus.

4.4.2. Results

Experiments with healthy wood

Figure61 presents the wavefronémd the corresponding ray patitstained for the
isotropic material compared to the orthotropic. Ash results were used for this comparison,
considering that its diameter was like the PVC disk diamEtertheisotropic case, with
straight rays, TOF was monotonic increasing as the sensor approached from the tangential
(.=90°) to the radial direction.€0°). For wood, the sensors located after the pith, sensors
6 to 12, resulted in similar TOF estimatiombe $iape of TOF curves computed using the
raytracing algorithm and those obtained from the experiments with the PVC and Ash disks

are in good agreement, showing that the proposed model simplificatisalike

For thePVC case, simulated values ranged betw4® pus and 222 ps, while the
experimental values ranged between 48 ps and 213 ps. For the Ashheasenulated
valuesranged between 48 us and 190 us, with a mean TOF value for sensors 6 to 12 of 180
us; the experimental values ranged between 24 p4da8qus, with a mean TOF value for

sensors 6 to 12 of 171 ps.
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Figure61: Wavefronts (in black) and ray paths (in red) fritiatransmitterto multiple receivers in
(a) isotropic (PVC) and (b) orthotropic materials (Ash). Comparison between TOF for (c) simulated
and (d) experimentdEspinosa et al. 2019)

Experiments with centered defects

Figure62shows the raytracing simulations for the Oak disks vadeserectircular
defects were created. Also, this figure shows the TOF measurement comparison between
the simulated and the experimental data. Ray paths avoided the defegitws,ras they
slowed down the waves, increasing the time required for the wave to arrive from the
transmitter to the receivers located in the direction of the defect. Considering that the defect
was in the center, raysavelingto the sensors located @éfthe pith (6 to 12) were affected,

presenting a TOF measurement that increased proportionally to the defect size.

The shape of TOF curves for the simulated data and the experiments were
correspondingFor the simulated valuesninimum TOF wa$82 us andmaximum values
were 120 ps for the healthy reference case, and 133 ps, 146 us and 161 ps for the three
defect sizes respectivelfor the experimental valughe minimum TOF rangebetween
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4. WAVE PROPAGATION MODEL BY A RAYTRACING APPROACH

35 pus and 53 psandthe maximum values wets0 ps for the healthgase, and 68 ps,

209 ps,and 225us as the defect size increased
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’ . 5.1cm 200 ; A 5.1cm
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Figure62: Wavefronts (in black) and ray paths (in red) in (a) healthy ¢bseentereddefect of
2.9 cm, (cxenteredlefect 5.1 cm and (dentereddefect of 7.9 cm. Comparistretween TOF for

(e) simulated and (f) experimen{&spinosa et al. 2019)

Figure 63 illustrates the TOF differences when comparing the defective cases to

healthyone. The larger variation was obtained in the radial direction. For this direction,
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4.4. Experimental validation

considering simulated data, TOF increased 13 pshofitst defect size (11% increment),

26 s for the second size (22% increment) and for the largest defect 46 ps (34% increment).
When the receiver angle was lower than 45° (receivers before the pith), the TOF variation
was reduced to values under 5 psr Eee radial direction considering the experimental
data, TOF increased 18 ps (12% increment) for the smallest defect, 50 ps for the medium
size defect (39% increment) and 75 ps for the largest defect (50% increBiéfetences

for simulated and experim&l data followed a similar pattern, with largeariations

mostly in the radial direction for the experimental data.
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Figure63: TOF difference betweerenterediefects andhehealthycase for (a) simulated data and

(b) experimental datfEspinosa et al. 2019)

Experiments with off-centered defects
Figure 64 shows the raytracing simulations for the Ash disks wbifcentered

circular defects were createthe defect positiomvas shifted horizontally from the trunk

center.Also, this figure shows the TOF measurement comparison between the simulated

and the experimental data.

The TOF curves for the simulated data and the experiments were similar. For the
simulated values, minimum TOF wd8 ps and maximum valugangedbetween190 us
and 195us asthe defect size increasefbr the experimental values the minimum TOF
ranged betwee®4 us and34 s, and the maximum valuesnged between 179 ps and 184

Us as the defect size increased.
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* Healthy| |

+—2.9cm
S5.1¢cm
7.6cm

0 8 -50 0 50
Receiver angle Receiver angle

Figure64: Wavefronts (in black) and rgyaths (in red) in (a) healthy case, ¢ff-centereddefect
of 2.9 cm, (cpff-centeredlefect 5.1 cm and (aff-centerediefect of 7.9 cm. Comparison between

TOF for (e) simulated and (f) experiment@bkpinosa et al. 2019)

TOFdifferencedor the offcentered caseith respect to the healtligferencevere
lower tharnthose obtained for theenteredcase. Figre65shows the TOF differences when
comparing the defective casestte healthyone. Considering simulated data, for the
receiver number 6 (between angld9° and-30°), TOF increased.62 us for the first

defect size (0.3% increment), 3.4 ps for the second size (1.9% increment) and for the largest
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4.4. Experimental validation

defect 7.8 us (4.2% increment). For the other receivers, the TOF variation was almost zero.
Considering the experimental data, the largelatian was presented in sensor 7 (between
angles30° and-20°), where TOF increased 4.4 us (2.6% increment) for the smallest defect,
8.9 us for the medium size defect (5.4% increment) and 17 pus for the largest defect (10%
increment).As for the case of ceered defects, TOF variations were larder the

experimental data.
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Figure 65. TOF difference between defective and healthy cases for (a) simulated data and (b)

experimental datéEspinosa et al. 2019)

In the second set of configurations, the defect was shifted from the trunk center in
the vertcal axis to the bottom (Fige 66a) and to the top (Fige 66d), with respect to the
emitter To obtain these defect positions with the same Ash disk, the sensor adtieg as
transmitterwas changed to positions 5 and 13. The simulation for both defect positions and

the TOF estimations for the experimental and simulated data can be seamébig

Maximal variations were found in the radial directior@®). If the defect is located
at the bottom of the disk, for the simulated and experimental data, variations were obtained
for sensors 7 to 11, with a maximum for the simulated data of 31 ps (15% increment) for
the sensor 9, compared to 30 ps (14.9% increment) for the experimentalVtiata the
defect was located at the top of the disk and furthest from the transmittsimtliiation
showed only sensor 9 being affected. The largest variation was in the radial direction and
corresponded to an increment of 13 us (6.8% increment). Expetahdata variations were

present at sensors 8, 9 and 10, with a maximum of 35 us (18%) in the radial direction.
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4. WAVE PROPAGATION MODEL BY A RAYTRACING APPROACH

Figure66: Off-centeredtase located at the bottom: (a) Wavefronts (in black) and ray paths (in red),
comparisorbetween TOF for (b) simuletl and (c) experimentaDff-centereccase located at the
top: (d) Wavefronts (in black) and ray paths (in redynparisorbetween TOF for (e) simulated
and (f) experimentdEspinosa et al. 2019)

Comparing the TOF curves when the defect was shifted in the two directions,
defects shifted vertically were prone to higher variations compared to those shifted
horizontally. Moreover, botbff-centeredcases resulted in lower variations compared to
the centereddefect cases. It should be noted tbHitcentereddefects will result in less
contrasing regions in the tomographic images comparezktderedases, which increases
the difficulty in identifying defect location.

4.4.3. Discussion
In the case of healthwood, for the sensors located on the disk top half (sensors 6

to 12), ray paths tended to pass first for the center of the trunk to follow a faster path,
therefore those trajectories were longer with respect to the sthaigldistance. In the case

of real tomography imaging, there is no possibility to know the real paths, so the common
procedure consists of measuring the straligiet distances. Aiming to reduce the
affectation in the reconstruction process, a correction for the distance measurertent cou
be performed, using a factor obtained from simulations with a healthy trunk from the

species under study, like the procedure presented by Maure(Maater et al. 2006)
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4.4. Experimental validation

TOF estimation for the wood healthy case resulted in similar values for sensors
ranging from 6 to 12-or those receivers, trajectories tended to present two ray parts: one
part was orientated from the sensor to the pith, and the second part was orientated from the
pith to the transmitter. Both parts presented similar velocity values, meaning similar TOF

values.

Larger defects could be associated with larger changes in TOF estimation and
therefore in velocity variations. This means that larger defects will present more contrast
with respect to the healthy areas, allowing an easier identification. This masubeen
already observed in other stud{@chubert 2007; Zhang et al. 201®ith respect to the
defect position, those defects whose center were located on the path between the emitter
and one receiver presented a larger TW@Fation in that receiver. If the ray path is
supposed to pass by the defect center, the ray curvature is going to be maximal. Moreover,
defects located in the trunk center tended to cause a larger affectation to the TOF value
estimation in orthotropicase. Most of the ray paths above the pith crossed near to the trunk
center, so defects in this position are likely to modify the velocity in multiple sensors. Also,
the ray paths crossing by the center are privileged directions given that the velocity is
maximal near to the radial direction. In the reconstruction process, this will affect the image

guality depending on the position of the defect (unknown for real cases).

A combination ofcenteredposition and a bigger size will correspond to a higher
probaility of decay detection using a tomographic image. However, it is necessary to
consider the anisotropic behavior of wood when performing ultrasonicimage
reconstruction. When classical reconstruction technigues are used, such as the filtered back
prgection algorithm, the first assumption is that trajectories are straight lines (isotropic
behavior). Then, if the material presents isotropy, and no defect is present, a flat image is
obtained corresponding to the wave velocity of propagation. Howevére imaterial
presents the wood orthotropy (curved rays), using those methods in a healthy section will
result in a gradient of velocities, with the higher velocities in the center and with lower
velocity areas near to the border, making difficult the ienagerpretatio{fEspinosa et al.
2017b)

Even when the shape of the TOF curves agreed between the simulated and the
experimental data, there was an offset betwe@sethalues. This diffeence, more
appreciable in the Oak case, could be associated to using mechanical parfmm#éiers
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4. WAVE PROPAGATION MODEL BY A RAYTRACING APPROACH

raytracing simulatiofirom published data, consideringatthe mechanicaparameters for
wood species are subject to a large variability and to the effefeictors such as the

moisture content.

4.5. Synthesis

Raytracing approximation using the wavefront construction method allowed to
simulate the wave propagation in orthotropic media, and therefore allowed to compute
time-of-flight estimations. Anisotropy inhe radialtangential plane in wood resulted in
deformed wavefronts with respect to the isotropic case. The paths from each receiver to the
transmitter in the wood presented a curvature, therefore the distances traveled differed from
the straighdine distance obtained for the isotropic case. Velocity values were higher in the
radial direction, with the maximum in the sensor located on the opposite side of the trunk.
Defects located in the center of the trunk presented larger TOF variations compare to
defecs located iroff-centeredgpositions.Off-centereddefects located at the top and at the
bottom of the disksvith respect to the emitter positipnesented a larger variation than the
off-centereddefect shifted horizontally from the disk centéff-centereddefects will be
more difficult to determine and characterize by tomographic inver8icomparison with
another numerical simulation method, the FEM approach, resulted in similar TOF and
wavefronts estimationAn experimental validation of theaytracing method was
performed, using wood disks from two species and simulating the presence of defects by
drilling holes.The shape of TOF curvedbtainedwith the raytracing algorithm and those

obtained from the experimental validation were in goaéeagent.
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5. ALGEBRAIC SOLUTION OF THE INVERSE
PROBLEM FOR AN ORTHOTROPIC
MATERIAL

5.1. Introduction

To perform USCT, it is necessary to know the path followed by the wave from the
transmitter to the receivem Chapters 2 and 4 it has Imeshown that for anisotropic
materialssuch asvood, the ultrasonic waves velocity depends on the angle of propagation
(Espinosa et al. 2017a, 2019Yaves propagating in the radial direction (from the bark to
the pith) have a higher velocity than those propagatinghen tangential direction
(perpendicular to the radial direction). This approach to the forward problem showed that

the resulting wave paths are cunf&spinosa et al. 2019)

Approaches for tree USCT as inverse problem, have used reconstruction techniques
that consider straighine paths (rays), & the filteredbackprojection(FBP) method
(Tomikawa et al. 1986and algebraic methods such as SIRT (Simultaneous Iterative
Reconstruction Techniqué)icolotti et al. 2003; Socco et al. 2004; Martinis et al. 2004)
Using a straightay approximation results in a biased imageese techniques deliver a
velocity map butconsidering that this parameter is a function of the angle of propagation,

the physical sense of the image is unclear.

This chapter igelated tothe development of a 2D inversion method adapted to
wood anisotrop. Aiming to obtain for every pixel a velocity/slowness function depending
on the propagation angleurved rays must be considerblding tis slownessunction, it
is possibleto estimate for every pixel the associated mechanical paramstets as
YounJYV PRGXOXV LQ WKH UDGLDO DQG WDQJHQWLDO GLUI
The curved paths are not known a priginiisthe proposed method iteratively estinsate
them from an initial straightay hypothesis, using a raytracing appro&atst, the method
was evaluated numericallfzour numerical configurations were tested representing real
cases usually found in standing tree monito{fM&ng 2007)a typicattrunk in a healthy
state, with an aifilled centered holewith an oftcentered hole, and with an aféntered
defect characterized by a gradient of mechanical properties. The proposed inverse method,

tested in these configurationgerecompared to a reconstruction method based on straight
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rays.Then, the inversin method was tested using experimental data from-sextns of

two wood species. Healthy, centered andcefiitered cases were tested, simulating the

defects by drilling holeand comparing again with straiglme reconstructions

5.2. Proposed inversion method

5.2.1. Algebraic formulation

Let us consider a space divided into N pixels. For every curvedIpétiversing

this space, the TOR can be obtained by adding individual slownéssor every pixelk

along the path, multiplied by the length of the ray segntgntThis can be written as:

RLI  Heb
PORa&aU

(27)

The total length of a ray 5 is equal to the sum of individual ray segmeii§s.

Assuming this segment to be uniform (equal pixel length), we havé & H, with &

as the total number of ray segments in the patBividing both sides of Equatio?7 by

.3 We have:

#L%Lsi
@74 &  porasy

(29)

With #, as he total slownesgonsideringthe ray. Then, an equation can be

formulated for every pair of emitteeceiver, creating a system of linear equations. The

inverse problem corresponds to the solution of this equation system, leading to the

reconstruction ofU for all pixels from its projections. The maximum number of pix@ls

without considering the possibility to perform an interpolatistinked to the number of

sensordv as:

/| Ul Fs:
OL—t

(29)

A matrix formulation can be proposednsideringapostioningof pixels into agrid

(Figure &). In that case, for every curved pathall theN pixels in the image are arranged

in a vector format and a matris ILOOHG ZLWK

corresponds to every path and their corresponding total slowhesss follows:
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Figure &: Pixel grid distribution for the algebraic reconstructibtaurer et al. 2006)

However, EquatioB0 considers that slowness for every pixel is independent of the
propagation angle (algebraic probléKak and Slaney 2001)To consider the effect of
this angle, we must modify the and » matrices to include the slowness as a funatibn
the propagation angléa(using theChristoffelequation). Let us assume that for every pixel
we know the propagation angki.e., we know the ray paths. To linearize the Christoffel

equation Equation B), a 3" degree polynomial approximation is proposed, such as:

U L Updds EGpdds EUspdls E Updds EUspdla EUsdis, (32)

\ Ue

U L s & &5 gN - O (33)
Up

This degree isufficientto approximate the slowness curve, as observed in Figure
68. This figure shows an estimation of the coefficient aétermination R for several
polynomial degrees using as example the slowness curve computed with the elastic
parameters of Oafdable 11)

0.995 ¢

r 099

0.985f /

0.98 ! : ! : ! :
1 2 3 4 5 6 7 8
Poynomial degree

Figure @: Coefficient of determination Rfor several polynomial degrees to linearize the
Christoffel equationn the case of Oald able 11)
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5. ALGEBRAIC SOLUTION OF THE INVERSE PROBLEM FOR AN ORTHOTROPIC MATERIAL

In that case, the solution of the problem corresponds to finding the polynomial

coefficients Ufor every pixel. Replacing Equati@3 in the Equatior80, we obtain:

i3y ® &y r ®
T 29 K NI
E r ® r 366 ® r .. cL f &6_#6 j, (34)

, o
B ® &g r ©®

—:.ﬁ'};ﬁ
@ °@ @

| Yal m (35)
So, if we can solve EquatioBb to obtain the matrix¥s a reconstruction of the

slowness function for every pixel is obtained.

SIRT method(Kak and Slaney 2001yas used to solve Equati@b and to obtain
the matrix of Christoffel polynomial coefficient$s This algebraic iterative algorithm
solves the linear equate systenfrom an initial guess SIRT method has showsretter
convergencecompared to others reconstruction methods, leading to images of higher

guality (Arciniegas et al. 2014a)

From the polynomial slowness function for eveiyel, a nonlinear regression can
be performed to obtain the elastic constants. The Leveidarguardt nonlinear least
squares algorithm was usgskeber and Wild 1989 his method is used for fitting a non
linear parameterized function (the Christoffel equation) to a set of measured data points
(the estimated polynomial slowness function), througimimization of the sum of the
squares of the errors. This minimization process is performed iteratively by updating the
parameter values, in théase the elastic constants. To reduce the error on the estimation
RI WKH HODVWLF FRQVWDQWYV WKH IEshiNogReQd. 20/B)WLR YD O
but set to a value of 0.5@5uitard 1987) leaving three variables in the model to be

estimated (g 'jand)gy.

For a given set of TOF values and their corresponding curved trajectories, the elastic
constants (from thevelocity/slowness function for every point in the spaagn be

obtained using the proposed inversion method.
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5.2. Proposed inversion method

5.2.2. Reconstruction schema

Considering a set of TOF measurements, an initial guess for the trajectories can be
straightline paths. This initial gussallows us to perform a first inversion process,
obtaining the Christoffel polynomial coefficients (slowness) for every pixel. Using these
coefficients, we can perform tloirectproblem to obtain an estimation of the TOF and the
trajectories. Then, we nacorrect the rays to reduce the TOF difference by applying

feedback, as presented in Fig6ge

Algebraic
inversion

Raytracing
simulation

Stop criteria
attained?

Non-linear
regression

Figure 69: Flow-chart for the proposed reconstruction method: feedback using a raytracing

approach

To deal with trajectories, they were approximated b{-d&yree polynomial curve
(4 unknown parametert), U, (i and U), as afunction of the spatial coordinates of the
discrete points that constitute the ray. Given that two points were known (emitter and

receiver positions), two coefficients can ¢aculated directly ( and U). Thus, using a
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5. ALGEBRAIC SOLUTION OF THE INVERSE PROBLEM FOR AN ORTHOTROPIC MATERIAL

3-degree polynomial approximation means that only two variables were used to specify a

single trajectory (3and U).

Stop criterion is related to the evaluation of the root mean squared error between
the real TOF and the estimated one and the differences between the coefficients for ray

trajectories (defined by the polynomial coefficiettisand (), as:

gA TERPBE ¢ ~ngAy: 2P oAy 2B
AL 8 S U~ 08— (36)

The algorithm stops iterating when tleor stops decreasing or when a maximum

number of iterations is reached (set to 10).

The proposed reconstruction method was developed in Matlab (v9.5 2018, The
MathWorks, Inc., Natick, Massachusetts, United States). The average processing time for
a singek iteration was 6 minutes using a desktop PC with Intel Core i5 processor (2x 1.7

GHz) and 8 GB of RAM. Stop criterion was reached with less than 5 iterations in this study.

5.3. Numerical validation

5.3.1. Methodology

Elastic constants and density values were obthfnem published datéGuitard
1987) Selected wood species was Oak, witg=1180 MPa and 03D DV <RXQJYV
modulus in the radial and tangential directions respectively=319 MPa as the shear
modulus, & DV WKH 3RLV\&BQKY/Nntab e .denditypr@nk geometry
consisted on a circular disk, with a diameter of 30 The number of sensors was fixed to
32, considering that this number of sensors corresponds to the maximum for commercial
devices, andt was previouslyshown that several reconstruction methods converge from

30 transducerfArciniegas et al. 2014a)

Four configurations were tested. First, a healthy case where the elastic parameters
were homogeneous in the whole disk. Second, a centered defect was created in the disk,
corresponding to a hole with a diameter of 10 cm. Insideefective region, the velocity
YDOXH ZDV VHW WR EH D FRQVWDQW YDOXH-cemM&edQG VSHHC
defect, which diameter was 10 cm shifted horizontally 7.5 cm from the center. Finally, a
case corresponding to a gradient of mechamiazperties:' ¢ ' and ) ¢ were reduced
linearly from 100% to 50%, in an effentered circular region (as in the third case), from

the border of the region to its center. This last case could be associated to an early stage of
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5.3. Numerical validation

wood degradation bfgngi attack.For comparison, a reconstruction using the FBP method

(straightray inversion) waperformed

5.3.2. Results

Tree in a healthy state

Convergence of the method walstained after 5 iterations. Figur@ presents the
reference trajectories and thejéctories estimated with the proposed method. Rays
obtained with the proposed methodology reproduced correctly the curved behavior
expected from anisotropic materials. Figidfepresents the reconstructed images and the
corresponding profiles. FBP methaesulted in a gradient of velocity values, with higher
values in the disk center, ranging from 1362 m/s to 1912 m/s. With the proposed method,
WKH LPDJH UHSUHVHQWLQJ <RXQJYV PRGXOXV LQ WKH
distribution of reconstructedalues around the real value of 1180 MPa, between 1000 MPa
DQG 03D &RQFHUQLQJ <RXQJYV PRGXOXV LQ WKH WD
the disk center presented higher values than the real value of 614 MPa, with a maximum
error in the center vak that went over 1000 MPa; however, peripheric pixels were well
estimated, ranging from 600 MPa to 700 MPa. For the shear modulus, behavior was similar,
with a higher value in the center, and peripheric values ranging between 250 MPa to 300
MPa.Thus we can observe thahe more suitable image for evaluation would be the map

of ' gvalues.

MR
“\\\\“}}}}{\.\\‘i“'
P

() (b)
Figure 70: Ray paths for a healthy case: (a) reference trajectories obtained with -tineciag

approach, (b) estimated trajectories obtained witlptbposed inversion method.
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Figure 71: Reconstructed images for the healthy case (left) and corresponding horizontal profiles
(right). (ab) FBP reconstruction (straightay inversion), (éh) Reconstruction of the elastic
parameters g(c-d), ' i (ef) and ) ¢ (g-h) using the proposed method. Dashed lines in the profiles

(right) indicate the expected profile.

Trunk with a centered hole

Convegence of the methodas obtained after 3 iterations. Figuizpresents the
reference trajectories and the trajectories estimated with the proposed inversion method.
Again, the estimated trajectories corresponded to a correct approximation of thengytraci
reference trajectories, where rdygpassedhe defective region. Figuré3 presents the

reconstructed images and the corresponding profiles. With the FBP method, the correct size
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5.3. Numerical validation

of the defect was difficult to be estimajeldie to the velocity gradiehighlighted in Figure
71 The images of the three elastic parameters reproduced accurately the hole position and

shapewith the proposed method

(a) (b)
Figure 72 Ray paths for a centered defect case: (a) reference trajectories obtained with the ray
tracing approach, (b) estimated trajectories obtained with the proposed inversion method.

(a) (b)

(€) (d)

(e) ()
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(9) (h)

Figure 73: Reconstructed images for the centered defect case (left) and corresponding horizontal
profiles (right). (ab) FBP reconstruction (straighay inversion), (¢h) Reconstruction of the elastic
parameters g(c-d), ' i (eff) and ) ¢ (g-h) using the pyposed method. Dashed lines in the profiles
(right) indicate the expected profile.

Trunk with an off-centered hole

Convergence of the methadhs obtained after 3 iterations. Figui@presents the
reference trajectories and the trajectories estimated with the proposed method. In this case,
trajectories were not all well estimated, as some of them passed through the defect. Figure
75 presents the reconstructed images and the corresgpprbfiles.As for the centered
defect, he hole is difficult to distinguish due to the presence of a gradient of velocities
using the FBP algorithm\With the proposed method, the presence of a hole was better
defined than for the FBP method, but its atsize was underestimated compared to the

cental hole case.

(@) (b)
Figure 74: Ray paths for an offentered defect case: (a) reference trajectories obtained with the

ray-tracing approach, (b) estimated trajectories obtained with the proposedanveethod.
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(a) (b)
() (d)
(e) (f)
(9 (h)

Figure75: Reconstructed images for the-offntered defect case (left) and corresponding horizontal
profiles (right). (ab) FBPreconstruction (straigkraly inversion), (¢h) Reconstruction of the elastic
parameters g(c-d), ' i (ef) and ) ¢ (g-h) using the proposed method. Dashed lines in the profiles

(right) indicate the expected profile.

Trunk with an off-centered defect

Convergence of the methadhs obtained after 3 iterations. Figui@presents the
reference trajectories and the trajectories estimated with the proposed method. The gradient
effect on the trajectories was more difficult to capture than the presenceiof i2gion.

Figure77 presents the reconstructed images and the corresponding pidiilegradient
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is almost indistinguishableith the FBP methadUsing the proposed method, the linear

gradient appeared in the images, but the size was again undatedti

(@) (b)
Figure ®: Ray paths for a case with a gradient of properties: (a) reference trajectories obtained with

the raytracing approach, (b) estimated trajectories obtained with the proposed inversion method.

@) (b)
(©) (d)
(€) (f)
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(9) (h)

Figure 77: Reconstructed images for the gradient case (left) and corresponding horizontal profiles
(right). (ab) FBP reconstruction (straighay inversion), (éh) Reconstruction of the elastic
parameters g(c-d), ' i (ef) and ) gj (g-h) using the proposed method. Dashed lines in the profiles
(right) indicate the expected profile.

5.3.3. Discussion

Approximations were made regularizethe problemusing polynomial functions
associated tthe Christoffel equation artd the trajectoriesRegarding thérajectories, the
3%-degree polynomial approximation resulted in smooth ray ghtitscouldrestrain the
possibility of finding complexshape defectivareas Neverthelessthe proposed method
handlel ZL WK WKH Urbddefto e brin@rdpy property of wood, that improved the

identification of thedefectscompared to the straighay reference method.

The number of sensors used for testing is diremlynectedo the reconstructed
image resolution, as stated in Etjoa 29. Moreover the number of sensors and the
corresponding total number of pixétgluencethe processing time of the algorithm, as the
size of the matrices to be handled increases fast and algorithms like SIRT are highly time
consumingFor in situ esting the duration of an acousgwaluation ofa standing tree is a

crucialfactor; thus, for a real case, increasing the number of sensors couldposstide

Another optionaiming to increase the image resolution consists of performing an
interpoktion of the sinogram (interpolation of the projection data before inversion),
needingan accurate TOF estimati¢Arciniegas et al. 2014bYhe pixel size was 1.2 cm,
meaning that a defect under taecould not be found. However, the minimum diameter
to achieve an identificatioof a centered defegtas5 cmfor a diskwith a diameter 080
cm, corresponding to a ratidefect diameter to disk diametef 17% (Figure 78).
Moreover, offcentered defects proved to be more difficult to identify, with a minimum
diameter of Tm (ratio of 23%)
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(@) (b)

Figure B: Minimum diameter to identifia @) centered defect and (@¥-centered defect. Dashed

lines indicate the expected profile.

&HQWUDO SL[HOV LQ WKH UHFRQVWUXFWLRQ RI <RXQJY
(" i) and the shear modulus: j resulted in higher values than the real ones. Most of the
trajectoriespassing through these pixels presentedamgle near to the radial direction.
Then, there were not enough information of the whole set of angles to obtain the correct
slowness function when using the nonlinear regression. To avoid this, constraintsecould
specified when reconstructing these parameters in the central pixels, such as considering
WKH PHDQ YDOXH LQ WKH SHULSKH W&a3 ity &sthmatib usBi@ LVVRQ TV
the nonlinear regression presented the largest variati@m noisgdue to measurement
uncertaintieswas presenbn the slowness function. To observe this effect, -peean
normatdistributed noise witla standard deviatiorqual tok (%) times the functiomean
value was added to the slowness cuRelative error fothe four elastic parameters was
computed asM F M Mwith Mas the estimated parameter value whenenaiasadded,
and Mas the real parameter valuseK HQ WKH 3RLVVRQ %8 theRéldtiMelelcdi QW ZD V

was reduced to less than 1%, as presented in Fiure

(@) (b)

Figure ®: Relative error for the nonlinear regression of the elastic parameters: (a) with the four
SDUDPHWHUV E IL[LQJ WKH 3RLVVRQTVY UDWLR
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5.4. Experimental validation

5.4.1. Materials and methods

Healthy trunks from pineRinus pinea and oak Quercus rubry were used to
obtain 6 wood disks (3 for each specigsjerage @k diameters were 20 cm and 24 cm
for oak and pine respectively; thickness was 3 Trae age were 27 years and 55 years
for oak and pine respectiveljo reduce water loss during the experiments, the trunks were
sealed and stored in a room with controlled temperature. The moisture contenti@soak
in average 72%and for pine92% (moisture reduction during the tests vessthan 3%).

Defects were simulated by drilling a circular hole of diameter 7.@abuve the
minimum detectable size obtained in the numerical testi@gheredand off-centered
defect positions were tested. Th#-centereddefect was located halfway between the
center and the barkJltrasonic chain of measurement was configured as presented in
Chapter 3 (Figure80). 16 sensors were placed around the disks to perform the TOF

measurements.

Figure 80: Experimenal setting for thevalidation of the proposed inversion metiodthe case of

a healthy oak disk

For comparisonmages consideringn isotropic assumptidfrBP) werecomputed
$V VKRZQ LQ WKH QXPHULFDO YDOLGDWLRQs iiWtdeH LPDJH
radial direction Er image)wasthe more suitable for defect detection; then, this inveae
selectedfor testing.Profiles from both images were obtained, passing through the disk
center To increase the number of reconstructed pixels, a sinogrrpolation was
performed, passing from 16 sensors to 32 sendgra linear interpolation of the TOF
measurements and the sensors positiémgure 81 shows an example of sinogram

interpolation for the case of the healthy oak diB®OF measurements
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(a) (b)
Figure81: Sinogram interpolation for the case of a healthy oak disk, passing from 16 sensors to 32

Sensors

To perform an estimation of the decay detection, the imageise defective cases
were segmented using a threshold. The threshold values were fixed using the mean value
in the image, a80%, 50%, 70%and90% of this value. To evaluate the classification, the
true positive rate (sensitivity) and the false positive rate ¢fa were omputed. The first
corresponds to the ratio of correctly identified pixels inside the defectivefarearrect
identification, expected values should be as near as possible to Th@%econd is the
ratio of incorrectly identified pixels, i.e. the pixels classifiecdefectthat are outside the
defective areafor correctidentification, expected values should be as near as possible to
0%.

5.4.2. Results

Results for Oak

The first caseorresponded to a healthy disk of oak, shown inif€i§2a. After the
inversion procedure, the resulting rays are presented imeéf8gb. The wo reconstructed
images are presented in Bigs82c and82d respectively: th&gr parametric image and the
reference FBP imageHorizontal profiles passing fronsensor 13 to sensor &pm the
obtained images are presenie&Figures82e andB2f. In the case of thErimage, the mean
value was 186 MPa (F205 MPa). The mean velocity in the FBP image wag3l8\/s
( 688 m/s).Both images presented approximated flat surfag#h, areduced marge of

variation forthe Erimage.
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(a) (b)
(©) (d)
(e) ®

Figure82: (a) Oak healthy trunk, (b) rays obtained after the reconstruction procedure, (c) resulting
parametric image, (d) FBP reconstruction for comparison, and horizontal profiles from (e) the

parametric image and (f) the FBP image.

For thecentereddefect caseshown in Figre 83a., the trajectories were modified
by the presence of the hollow region, as observed iar&gBb. Compared to the FBP
approach shown in Fige &d, the proposed method allowed a more precise defect
identification, as observed in theconstructed image in kRige83c and their corresponding

horizontal profiles in Figres83e and83f respectively. For th&r image, the mean value
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was 807 MPa E151 MPa). The mean velocity in the FBP image wa&1@/s (215

m/s).

(a) (b)
() (d)
(e) ®

Figure83: (a) Oak with ecentereddefect, (b) rays obtained after the reconstruction procedure, (c)
resulting parametric image, (d) FBP reconstruction for comparison, and horizontal profiles from (e)
the parametric image and (f) the FBRage.Dashed lines in the profiles-{gindicate the defect

location.

Figure & presents the thresholdinglmthimageso locate the defeckor the FBP
imagesthose usindghresholdingof 30% and 50% did not identify any pixel as defective,

then thesensitivitywas 0% andhe falloutwasirrelevant. For the thresholding values of
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70% and 90%sensitivityvalues were 13% and 69% respectively, vidh-out values of
8% and 19%. In the case of theimages, an improvement on these metrics was olotaine
with sensitivityvalues increasingp 95%, 98%, 98% and 99% for the threshold values of
30%, 50%, 70%and90% respectively, and associatell-outvalues of 3%, 7%, 11% and
22%. The best balancm this casegorresponded to the threshold value d¥30r theEr

image

Figure &: Defect segmentation using different threshold values for the FBP images (top) and the
Er images (bottom) for the case of Oak witlcentereddefect White areas show the pixels

classified as defective. Dashed circle represents the real boundary of the defect.

For theoff-centereddefect position shown in §ire &a., the resulting trajectories
(Figure 85b) were again modified by the presence of the hollow area. When compared to
the FBP reconstruction in Rige 85d, the reconstructed image obtained with the proposed
method presented a closer identification of the defect position and size, as observed in
Figure &c. In this case, Figes 85e and 85f present a vertical profile for each

reconstruction, with aefect boundaryetterdefinedfor the Er parametric image. The
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mean value for th&r image was860 MPa (=308 MPa). The mean velocity in the FBP
imagewas 1256 m/s &328 m/s).

@) (b)

(©) (d)

(e) ()
Figure &: (a) Oak with aroff-centerediefect, (b) rays obtained after the reconstruction procedure,
(c) resulting parametric image, (d) FBP reconstruction for comparison, and horizofitasfrom
(e) the parametric image and (f) the FBP im&zpeshed lines in the profiles-{eindicate the defect

location.

In this case, the thresholding of both images to locate the defect is presented in
Figure &. First, for the FBP images, sensitivivas found to be 0%, 13%, 37%nd60%,

as the threshold value increased. Thedall values were respectively 2%, 7%, 14% and
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24%. Improvements were obtained again withER@mage, with sensitivity values 45%,
51%, 60% and 78% and falut values ofl%, 4%, 6% and 19% respectively. Best
compromise between sensitivity and faillt was obtained for the ER images using a
threshold of 50% and 70%, but they were lower than those foffftoenterediefect case.

Figure &: Defect segmentation using different threshold values for the FBP images (top) and the
Er images (bottom) for the case of Oak withaif-centereddefect.White areas show the pixels
classified as defective. Dashed circle represents the real boundaeydafféct.

Results for Pine

For pinesamplesfirst, a healthy disk was testeds shown in Figire 87a. The
resulting rays after the inversion procedure are presentedurelBith. The Er parametric
image and the reference FBP image are presentedureBRyc and87d. Two horizontal
profiles (sensor 13 to sensor 5) are shown iufeig87e and87f. In the case of th&r
image, the mean value wa258MPa (E126 MPa). The mean velocity in the FBP image
was 1551 m/s 315 m/s).
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@) (b)

(©) (d)

(e) V)
Figure87: (a) Oak healthy trunk, (b) rays obtained after the reconstruction procedure, (c) resulting
parametric image, (d) FBP reconstruction for comparison, and horizontal profiles from (e) the

parametric image and (f) the FBP image.

Figure 88a presents the pine disk withcantereddefect. The trajectories were
modified by the presence of the hollow region, as observed urd8gb. The proposed
method allowed a more precise defect identification, as observed in the reconstructed image
in Figure 88c compare to the FBP reconstruction in fg88d. Their corresponding

horizontal profiles are shown in kiges88e and 88f respectively. For th&r image, the
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mean value wa$361MPa (E289 MPa). The mean velocity in the FBP image was 1527
m/s (E553 m/s).

(@) (b)

() (d)

(e) ()
Figure 8: (a) Pine with a&enterediefect, (b) rays obtained after the reconstruction procedure, (c)
resulting parametric image, (d) FB&onstruction for comparison, and horizontal profiles from (e)
the parametric image and (f) the FBP imagashed lines in the profiles-{gindicate the defect

location.

Figure89 presents théhresholding results. In the case of FBP images, theviiost
threshold values did not find any defect. For the threshold values of 70% and 90%,

sensitivity was 33% and 96% respectively, with-talt values of 7% and 29%or theEr

107



5. ALGEBRAIC SOLUTION OF THE INVERSE PROBLEM FOR AN ORTHOTROPIC MATERIAL

image, improvements were obtained, with sensitivity values of 61%, 66%, 75%%nd
as the threshold value increased, and respectivelgdailalues of 5%, 8%, 11%nd25%.

The best balance was obtained for Haeémage with a threshold at 70%.

Figure89: Defect segmentation using different threshold values for theifrB&es (top) and the
Er images (bottom) for the case Bine with a centereddefect. White areas show the pixels
classified as defective. Dashed circle represents the real boundary of the defect.

Finally, the pine disk with aoff-centerediefect positiorshown in Figire 90awas
tested, the resulting trajectories (kg 90b) were again modified by the presence of the
hollow area. Compared to the FBP reconstruction inii€i§0d, the reconstructed image
in Figure 90c showed larger variations. Figes 90e and 90f presenta vertical profile for
each reconstructiorwith a defect boundary better definéat the Er image. The mean
value for theEr image wvas1250MPa (&812MPa). The mean velocity in the FBP image
was 1330 m/s £251 m/s).
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(a) (b)

d
© (d)

(d) (e)
Figure90: (a) Oak withan off-centerediefect, (b) rays obtained after the reconstruction procedure,
(c) resulting parametric image, (d) FBRonstruction for comparison, and horizontal profiles from
(e) the parametric image and (f) the FBP im&geshed lines in the profiles-{gindicate the defect

location.

Figure91 presents theegmented images. For the FBP image, using the threshold
value of 30%, no defective pixels were detected. For the other thresholds, the sensitivity
values were 7%, 62%8nd91% and theespectivdall-out values were 5%, 9% and 21%.
Using theEr images, improvements were obtained mainly for the sensitivity: valaes
73%, 84%, 94%and95%, with fallout values of 3%, 7%, 26% and 50%. Best compromise
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was obtained for thEr imageusinga threshold of 50%. Outliers for thg images resulted

in higher faltout values than in the FBP image.

Figure91: Defect segmentation using different threshold values for the FBP images (top) and the
Er images (bottom) for the case Binewith an off-centereddefect.White areas show the pixels

classified as defective. Dashed circle represents the real boundaeydeffect.

5.4.3. Discussion

For these tests, My one set ofTOF measurementsvere obtainedTo reduce
uncertainty in the image constructionultiple measurement®r every receiveshould be
necessaryo improve the TOF estimatiaand therefore the image qualidso, increasing
the number of sensors could increase the total number of pixels and the defect detection
precision, but this entails a larger implementation time in ditere, the sinogram
interpolation was used to vidily add sensors and increasggeresolution. Considering
that the transit time correspondspoysicalmeasurement, we can suppose that the TOF
value between two adjacent sensors could be approximated by their mean value. In this

case, the number of ssars was duplicated, so passing from 16 to 32 sensors. Similarly,
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the TOF value for this new sensor was interpolated from the values of the two surrounding

Sensors.

For the healthy casgrays were curved with a more complicated pattern compared
to the nunerical simulation, due to factothat were notonsidered into the numerical
model In the case of the Pine samplés profile obtained showed three differenhes
the lowestEr values around the pittthat could be associatéd the presence of juvenile
wood, the mediunkr values in the left part of the profile, correspondingdomalwood,

and finally higheiErvalues for the part with compression wood.

For juvenile wood, density is lower than for mature w@iedss 2010) The lower
wood density is related to the presence of shorter tracheids and thinner cell walls. The large
PLFURILEULO DQJOH LQ MXYHQLOH ZRRG OHDGV WR D Ol
(Barnett and Bonham 20Q4previous studies have shown a decreasing value of velocity
of elastic waves for juvenile wod@rancheriau et al. 2012a; Palma et al. 2018)

Compression wootas a higher densifyffimell 1986; Kollmann and Coété 2012)
considering that the cell wall is much thicker in compressiondwban in normal wood.
With the proposed method, tii& images were obtained using a fixed density valoe
both normal wood and compression wood, thus the elastic modalsiseverestimated
Compression wood also presents a larger microfibril acghepared to than in normal
wood, resulting ina lower stiffness in the longitudinal direction, and a higher stiffness in
the radialtangential planéBrancheriau et al. 2012b; Gardiner et al. 20Thg popagation
of ultrasonic waves invood isthereforeaffectedby the presence afompressiorwood,
resulting in higher velocities in this ard@aadaiNia et al. 2011; Brancheriau et al. 201.2b)

Other factor influencing theeconstructions thevariation in thewood moisture
contentalong the tree crossection For example, in green softwoods, the sapwood presents
generally a higher moisture content than the heartyl@ods 201Q)These variationkead
to changes in the velocities of the ultrasonic waves, as they influence the mechanical

parametersand that are not considered in the proposed model.

5.4.4. Synthesis

This chapter presentemh approach tsolve the inverse problem for tree imaging,
using a method based on ultrasound tréiveé tomography and adapted to the anisotropy

of the wood material. Ae proposedterative method focused on finding a polynomial
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5. ALGEBRAIC SOLUTION OF THE INVERSE PROBLEM FOR AN ORTHOTROPIC MATERIAL

approximation of the slownessedchpixel in the image as a function of the propagation
angle, modifying the curved trajectories by a raytracing approachmgtisod resultedh

the mapping othe specific elastic constants using nonlinear regressidme proposed
inversion executed fast consideringsitu testing.

Numerical results obtained with four different configurations were presented:
healthy, centered and efentered defects and a dient of properties. The method
approximated correctly the ray -curvatur®efective regions identification and
guantification proved to be more precise than the stragghinversion(FBP method)
Centered defect identification was more accurate thagetbes with an of€entered defect
and a properties gradietdnder the proposed geometry, the minimum size of a defect to
be detected corresponded tmtio defect diameter to disk diameter of 17% for the centric
case and 23% for the eccentric case. Theersuitable image for evaluation would be the

map ofEr values that presented less variations.

The experimental validatiomsedtwo wood species, with configurations including
a healthy case,@nteredand aroff-centeredlefect.To virtually increase théotal number
of sensors useda sinogram interpolation was performddiages obtained with the
proposed method resulted in a more precise defect location compared to the FBP approach,
as observed using a thresholding segmentdtiontheEr images, threshold values of 50%
and 70% resulted in the best compromise between sensitivity (true positive rate)-and fall
out (false positive rate) for segmentation, with a sensitivity from 60% to 98% and a fall
out from 4% to 26%k-or the healthy caga the pine sample, the presence of compression
wood and juvenile wood resulted in variations on the computed image, associated to

changes in density and stiffness for these types of wood compared to normal wood.
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Considering nondestructive evaluation of standing trees in urban arsaspth
focused on the development of a methodology for the reconstruction of 2D ultrasound
computed tomography adapted to the wood complexity as material. Aiming to intrease
image quality compared to previous tomographic approaches, three main parts were
consideredthe definition of an electroacoustic measurement system adapted testhe in
measurement of standing trees, the analysis of the factors influencing dlseniltrwaves
propagation in wood by a numerical modeling (direct problem) and the implementation of

a reconstruction method adapted to wood anisotropy (inverse problem).

To perform ultrasonic nedestructive testing of standing trees, the twfidlight
(TOF) measuremeryrecision is a critical issuén experimental study comparing several
signal shapes and TOF detection methods was carried out, for setting up the ultrasonic
chain of measurement having in mind the subsequent testing. Impulsive and encoded
signals were tested, for a total of five signals, combined with three different methods for
TOF estimation: Threshold, AIC method, and croggelation. In situ testing was
performed with two different transducers with resonant frequencies at 36 kHD &khtr 6
and 4 different receiver positions around the tFeem all these experiences, it was settled
that the one presenting less variation on the TOF measurecmnésponded tahe
combination of an encoded excitation signal, such as chirp signaknagibcorrelation to
measure the time delagncoded signals such as the chirp sigialuldbe adjusted to the
transducer respons&hus the received signals concentrated energy in frequency bands

around the resonant frequency of sensors.

The anisotropy of wood in the radi@ngential planaffects thewave velocity
depending on the direction of propagati@s observed using the Christoffel equation
Moreover, from a sensitivity analysis of this equation, it was determined that theobrder
influence of the mechanical parameters on the velocity variation, from largest to smallest
was < R X Qrddpiuli in tangential directiokr and in radial directioklr WKH 3RLVVRQYV L
rTand the shear modul@xt. Wavefronts propagating iwood presemdeformed shapes,
compared to the spherical wavefronts obtained for isotropic mledi@ing to trajectories

from the emitter to the receivers that do not follow a straight path for all directions of
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propagationFor the image reconstruction process, #fisct was addressed, as the classic

inversion methods considering straight rdgéivera biased image.

A ray-tracing approximation using the wavefront construction metias
implemented tsimulate the wave propagation in orthotropic media, therefianwiag the
estimation ofTOF values and ray pathSeveral considerations were established for the
numerical simulation, like defining a 2D geometry and only considering pure compression
waves for the estimation of the first arriva@mulations includedhe presence of defects
with different diameters and positions. As expected, the estimated trajectories presented a
curvature, resulting in larger velocity values in the radial direction. Regarding the defects,
those located in the center of the trunkseraged larger TOF variations compare to defects
located in offcentered positionsthus offcentered defects could be more difficult to

determine and characterize by tomographic inversion

The raytracingesults were compared withnumerical approach, in thisase the
FEM method.Unlike raytracing, this method considers seconder phenomena such as
refraction on the defect, mode conversion, and disperBmth. models resulted in similar
TOF estimation; however, raytracing may tensidered as a less complex technique,
resulting in lower processing timelSxperimentalvalidation was performed, using two
different tree species and simulating the presence of defects by drilling holes of different
sizes and positions. The shape of TéDFves computed using the raytracing algorithm and
those obtained from the experiments with the wood samples were concordant, showing that

the proposed model simplificationasimissible

Using the raytracing model and the information prodidieout TOF ad ray paths,
an algebraic inversion method was presentéd. method resulted in &2mapping of the
inner elastic parameters of wood, considering the material anisotropy. For every pixel, a
slowness function was obtained depending on the propagatioa. diaglinearize the
Christoffel equation, a polynomial approximation was propoSedsidering theslowness
function, it was possible to estimate the associated mechanical parameters via a nonlinear
regressionfFrom an initial guessf straightline trajedories an iterative process performed
the algebraic inversion and a successive raytracing simulation, stup ariteriorrelated

to the TOF and trajectories variation was attained

To evaluate the performanoéthe proposed method, a numerical argerimental

validation were performedtor the numerical validation, four configurations were tested,
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including a healthy case, a centered defect, arcefitered defect and finally, a case
corresponding to a gradient of mechanical properties. The propustdd approached
accurately the ray curvature, resulting in images with a more detailed representation of the
inner state compared to thiered backprojectiofFBP) method(isotropic assumption)

The centered defect case resulted in a more accurat#ickion than the cases with an
off-centered defect and a properties gradi€ot. the experimental validation, two tree
specis were testedThe tested configurations included a healthy case, a centered defect
andan offtcentered defect. Compared to the FBP images, the proposed method resulted in
a more accurate defect identification, adapting the curved rays to the defect presence and

delivering a parametric image more suitable for the diagnostic process.

Variability factors in the tree mechanical propertmeaybe considered tobtain a
better representation of the inner state using ultrasound measuref@anexample,
changes in the pisture contentbovethe fiber saturation pointFSP)along the wood
section lave an impact on the propagation of elastic w&8e&ai et al. 1990; Unterwieser
and Schickhofer 2011; Yamasaki et al. 201&t)ove the FSP, the cell wall is saturated
with water and microscopivacant spaces (cell lumina) start keeping the free water. The
moisturecontent variationaffect the velocity in two ways: one is the intrinsic effect on the
elastic moduli and the other is the effect on the wood denrSityilarly, changes in wood
densty should be addressed. These variations are due to anatomical characteristics such as
the ratio of earlywood to latewood and heartwood to sapwbuoese interactions may be
approached by numerical and experimental settings, and then included in thiatiormu

of the direct problem.

In the longer term, the idea of considering all the physical phenomena involved
could make it possible to achieve a much better characterization of the wood material.
Today, the methods developed in geophysics offer greatbpies. Works from this
community already inspire the raytracing approach used in this thesis. A potential method
to address this strategy is the Full Waveform Imaging (FWI) me(Brddka and
Wapenaar 2014; Bernard et al. 2Q1The term "full" refers to the use of the ftiline
series, i.e. without having to discard potentially useful hypothesis in the reddnds.
method relies imniterative process, reducing the difference betweefutheecorded data
and synthetigvaveformsrom anumerical model of the wave propagatiomthis case, the
direct problem of the wave propagation should be efficient, as it is used numerous times

during optimizationlt was mainly developed in the oil industry and in seismology to obtain
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maps of the celerity of seismic waves, but recently FWI methods have also started to be

applied in medical ultrasound imagi(Myang et al. 2015; Pérdava et al. 2017)

USCT systemaiming for 3D imaging, commoniyerforma stacking o2D images
obtained at different heights and apply interpolai@oncharsky et al. 2014 full 3D
setupwould require a distribution of transducers around a trunk section covering different
heights. In that case, the inversroblems very computer intensive, asshould be solved
using a large amount of datay considering all the possible transmiteceiver
combinations. To model the wave propagation in this case, methods should consider the
cylindrical orthotropic codition of woodin the three directions ' he resulting wavefronts
will be affected considering that thevave velocities in longitudinal direction are larger

than the velocities obtained in thedial or tangentiadirections
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APPENDIX A: TECHNIQUES FOR ASSESSING
HAZARDOUS TREES

Visual Tree Assessment
This is a method for the visual inspection of standing trees, composed of three steps
(Mattheck and Breloer 1994)

1. Visual inspection aiming to detect symptoms of deféeltte symptoms are
associated to several factpsuch as théreevitality (dry branches, loose
bark, poor growth)the presence of fungal fruiting bodies and open wounds,
bulges (symptom for decayy ULEV V\PSWRP IRU UDGLDO FUI
YDUQLVKY JRQHV LQ WKH EDUN If heRr&\WrBsentsR U E U L

a significant hazard, it follows step 2.

2. Confirmation of defects andetermination of residual wall thicknesgo
perform this cofirmation, inspection could includeriting resistance
measurementsound velocity measuremenineasurement of the wood

strength (Fractometernnual ring analysis

3. Assessment of the defsatonsidered to be criticalhis include dteria of
failure forhollow or decayed treeend citeria of failure for root damages.
Forhollow, a criterion usinghe intact residual wall thickness t and the tree
radius R is defined as t/R>0.3.

Decay detection tools

Decay detection assessment can be performed usiagety of devicegPokorny
2003) This includebasic devices such as a rubber matlean increment borer. More
complex devices include penetrometers, sonic and ultrasonic detectors, electrical

conductivity meteand fractometer

1. Rubber mallet: With experience, an operator canthet bark with this
hammer and interpret the resulting sound to determine the presence of sever

decay (holes). This method is rmvasive and cheap.

2. Increment borer: this toolallows extracting a core of wood, of

approximately 5 mm in diameter, that can be examined for gsepce of
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decay along the wood craessction.They are cheap and easy to use, but it

is an invasive method causing a wound in the tree. Using this device in trees
with internal decay, can result in breaking the barrier zone created by the
tree to isolatelhte decay.

3. Penetrometeifhese devices record the resistaogposed t@ probe driven
into the wood. The basic principle is that in the presence of decay, wood
densitydecreasesand wood hardness and drilling resistadeeline One
of the most knowdevices is the Resistograph (RinntecAs the drill
penetrates the wood, resistance to the pressure of the drill is measured and
recorded, and the resulting profile is simultaneously printed and
immediately available. Drill bit diameter is 1/16 inch (1) and the
drilling depth is around 50 crin the presence of early to earhtermediate
stages of decay, the penetrometers may underestimate the extension of
decayed areas.Compared to the previous approachtdss device is
expensiveo purchase anghaintain

4. Sonic and ultrasonic detecto&resswave timers rely on the principle that
the speed of sound of wave propagating through the wood is affect by the
presence of defective are#shammer blow is used to generate the sound
waves.Decay regionsarrespond to slow propagation zones, then the wave
transit time is longer than in healthy wood. A limitation to this method is
the inability to locate the specific position of the defect or the extent of the
internal defectSimilarly, ultrasonic devicesavk on the same principle, but
in this case the waves are produced by an ultrasonic pulse, providing more
precise transit time measurements. Limitations are similar to the-atagss
timers, and additionally, they cannot be used in large trunks, due to th

attenuation of the ultrasonic waves.

5. Electrical conductivity metersit consists on electrical resistance (ER)
measurements using an electrode inserted in a drilled hole of 3 mm in the
trunk to a depth of 30 cm. For the decayed areas, the ER value drops
substantially. Some limitations include a difficult interpretation of the

resultswhen themoisture content of the wood is below the fiber saturation
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point or when the drill hole is filled with water, resulting in overestimations

of the decay area.

Fractometer This instrument determines the fracture moment and angle of
failure of a wood sample (core samples of 5 mm), by placingitlamping
device and applying an increasing force up to the point of failure. A
decrease in fracture moment or an increase in fracture angle could indicate
the presence of decay. Limitations to this method includes a lack of
reference measurements fliagnostic and the consideration that this is a

more invasive method than the previous approaches presented.
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APPENDIX B: COMPARTMENTALIZATION OF
DECAY IN TREES

When the bark is wounded, the tree will react to stop the spread of pathogens in the
healthy wood. Trees respond by compartmentalizing, they attempt to wall off the injured
or infected region.To illustrate tree response to wounding and invasion by decay

organisms, a model was developed known as C(Blilgo 1977)

Figure A1:CODIT system4 different walls to stop the spread of infected w(iitigo 1977)

Three walls appear at the time of the injury. Wall 1 resists the vertical spread of
infected wood, wall 2 the inward spceand wall 3 the lateral spread. The strongest wall is

formed after the wounding and is formed by the cambium, known as wall 4.

Top and bottoms walls 1 are the weakest walls. After wounds, this wall is formed
in the vertical vascufasystem by gums, resins and tylos&&ll 2 and wall 3 exist before
the infection, as they are formed by the annual rings and by the parenchymal rays
respectively. After the wounding, these walls are chemically strengthéfedid4 is called
a barrier zoa. It separates wood formed before wounding from wood formed after
wounding.Wall 4 is the strongest wall, capable of confining decay to tissues formed prior

to wounding.
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