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Summary

Fungal decay of standing trees increases the probability of trees falling. As the mu-
nicipality is responsible for avoiding predictable hazards, it has to assess the stability
of its trees. Acousto-ultrasound devices are a promising means of determining the
geometry and the location of fungal decay that is required for predicting the stabil-
ity of trees. Such devices are already being used in the field but they are in need
of being optimized and, moreover, their reliability needs to be improved. This work
provides a mechanical perspective on acousto-ultrasound assessment, while incorpo-
rating the knowledge of wood science. The aim of this work has been to outline the
possibilities as well as the limitations of acousto-ultrasound assessment devices and
to make recommendations for an optimized system.

Acousto-ultrasound measurements on trees for stability prognosis usually consist of
exciting elastic waves in a frequency range between 100 Hz to 50 kHz and mea-
suring the arrival of the fastest wave by circumferentially attached receivers. The
observed traveltimes are inverted in order to derive the wave velocity distribution
of the investigated plane. This work includes three approaches to provide a better
understanding of the elastic wave propagation in trunks: (1) theoretical consider-
ations of the wave propagation phenomena in the anisotropic wood, (2) numerical
modeling of the wave propagation phenomena in the cylindrically orthotropic trunk
and (3) experiments on sound and hollow softwood stems.

In the theoretical considerations the wave propagation in a homogeneous anisotropic
medium was studied. By means of a plane wave approach, an eigenvalue problem
was derived from the differential equation of motion. As solutions of the eigenvalue
problem, the phase velocities and the polarization directions of the three types of
traveling waves were determined. The group velocities were computed from the
phase velocities of the waves and their polarizations. The slowness surface (the
inverse phase velocities) and the wave surface (the group velocities) were plotted
for propagation in the coordinate planes. These surfaces and the polarizations were
used to discuss the energy flow in terms of acousto-ultrasound assessment.

The elastic wave propagation was modeled numerically because in media with cylin-
drically orthotropic behavior and curved boundaries there exists no closed form an-
alytical solution for the differential equation of motion. Since finite-difference meth-
ods are efficient for wave propagation problems in terms of storage and computation
time as well as simple to implement, the differential equations of motion and the
kinematic relations in cylindrical coordinates were discretized by finite-differences.
In order to minimize for numerical inaccuracies and limited computation time, the
grid of the discretization was adapted to the circumference of the cell-rings by de-
creasing the number of grid-cells in the ring. The three-dimensional model visual-
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Summary

ized wave propagation phenomena in a section of a trunk and the two-dimensional
model, which assumed plane-strain, visualized propagation in the radial-tangential
plane of a trunk. The two-dimensional model computed as well the sensitivities of
the traveltimes to certain degrees of fungal decay.

As mentioned above, the acousto-ultrasound devices consist of a measurement and
a signal processing module. The signal processing consists of the data filtering as
well as the determination and inversion of the traveltimes. In the experimental part
of this work, the additional information of the observed signal forms were studied.
Therefore, an appropriate source-receiver configuration was required. A piezo stack
element attached on a screw was the source and a heterodyne laser interferometer
acted as a receiver. This configuration was used to investigate four aspects: (1) the
validity of the reciprocity principle for the measurements, (2) the similarity between
observed and numerically simulated signal forms, (3) the influence of cavities, fungal
decay and compression wood in stems on the traveltimes of the fastest wave and (4)
the propagation of the surface wave on an ecorticate stem.

The wave propagation phenomena were visualized by means of snapshots of the two-
and three-dimensional numerical simulations. The snapshots depicted the geomet-
rical spreading of the traveling waves in trunks. Group velocity calculations pointed
out the sensitivity of the energy flow to the elastic moduli. Both the geometrical
spreading and this sensitivity are disadvantages in terms of using the waveform in
addition to the traveltimes in the inversion algorithm.

The experiments on the spruce stems verified the reciprocity principle for the previ-
ously described measurement setup and thus the required reciprocity for the use of
traveltime and waveform inversion was fulfilled. In addition, traveltime results of a
different nature were observed for sound and hollow stems and these results agreed
well with the computed traveltimes. The traveltime curves were observed to be of
similar nature for hollow stems and stems with compression wood. Traveltime in-
version cannot distinguish between the different phenomena cavity and compression
wood if they cause similar traveltime curves. Thus traveltime inversion results are
probably erroneous in this case.

The complexity of the wave propagation phenomena was reduced to a reasonable
degree in order to evaluate the acousto-ultrasound assessment method. The velocity
curve represents this reduction and is defined as the average velocity between one
source and the receivers versus the locations of the receivers at the circumfence. This
velocity curve is equivalent to the input of the traveltime inversion. The sensitivity
analysis of this velocity curves for models with certain degree of decay resulted
in the possibilities and the limitations of traveltime inversion of the measurements
on trees. This sensitivity analysis defines the relations between the proportional
area of fungal decay and the degree of decay that is detectable, where the degree
of decay represents the relative difference of the wave velocity in the decayed area
and the surrounding sound wood. For example, the cross-section of a cavity, which
represents a fully decayed area, must be larger than 5 % of the total cross-section
of the trunk to be detectable.

The numerical model used in this thesis visualized the wave propagation and thus
enhanced the understanding of this phenomenon. The model was verified to be ap-
propriate for analyzing the sensitivity of the input data of traveltime inversion to
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Summary

decay scenarios of trunks. This thesis has reached the conclusion that the velocity
curve of the measured data provides a simple and physically meaningful tool for su-
pervising the input data of traveltime inversion. This is amongst others important
for the choice of appropriate reference planes. For further development it is promis-
ing to investigate whether a priori information for restricting traveltime inversion
can be derived from velocity curves of measured data.
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Zusammenfassung

Pilzbefall von Bäumen erhöht das Risiko, dass ihre Stämme oder Äste brechen
oder die Bäume ihre Stabilität verlieren. Die Städte und Gemeinden sind verant-
wortlich, vermeidbare Gefahren abzuwenden und beurteilen deshalb die Stabilität
ihrer Bäume. Messgeräte, die mit Ultraschall oder Schall arbeiten, sind eine viel ver-
sprechende Möglichkeit, die Geometrie und die Lage des Pilzbefalls, die für die Prog-
nose der Stabilität notwendig sind, zu bestimmen. Solche Messgeräte werden be-
reits genutzt, sie erfordern aber Optimierung und Verbesserung der Zuverlässigkeit.
Diese Arbeit bringt den mechanischen Standpunkt in die Weiterentwicklung der
Ultraschallbeurteilung von Bäumen ein, ohne den holzwissenschaftlichen zu ver-
nachlässigen. Das Ziel dieser Arbeit ist es, die Möglichkeiten und Grenzen von
Messsystemen basierend auf Ultraschallwellen aufzuzeigen und Empfehlungen für
die Optimierung des Messsystems zu geben.

Ultraschallmessungen an Bäumen mit dem Ziel der Stabilitätsprognose bestehen
üblicherweise aus der Anregung von elastischen Wellen und der Messung der Ankunft
der schnellsten Welle mit Hilfe von Empfängern, die in Umfangsrichtung um den
Stamm angebracht sind. Die ermittelten Laufzeiten werden invertiert um die Ge-
schwindigkeitsverteilung in der untersuchten Ebene zu erhalten. In der folgenden
Arbeit werden drei Ansätze vorgestellt, mit dem Ziel, ein besseres Verständnis der
elastischen Wellenausbreitung zu entwickeln: (1) theoretische Überlegungen zu den
Wellenausbreitungsphänomenen im anisotropen Holz, (2) numerische Modellierung
der Wellenausbreitungsphänomene in Baumstämmen und (3) Experimente an ge-
sunden und hohlen Nadelholzstämmen.

In den theoretischen Überlegungen wurde aus der differentiellen Bewegungsglei-
chung, unter Annahme der ebenen Wellenausbreitung, ein Eigenwertproblem herge-
leitet. Die Lösungen dieses Eigenwertproblems - die Phasengeschwindigkeiten und
die Polarisationsrichtungen der drei sich ausbreitenden Wellen - wurden bestimmt.
Die Gruppengeschwindigkeiten wurden mit Hilfe der Phasengeschwindigkeiten der
Wellen und ihrer Polarisationen berechnet. Die Fläche der Langsamkeiten (die In-
verse der Geschwindigkeiten) und der Wellenfronten (die Gruppengeschwindigkeiten)
werden für die Ausbreitung in den Koordinatenebenen abgebildet. Diese Flächen,
die Polarisationen und die Richtungen der Energieausbreitung werden verwendet um
den Energiefluss in Bezug auf die Beurteilung von Bäumen mit Hilfe von Ultraschall
zu diskutieren.

Die elastische Wellenausbreitung wurde numerisch modelliert, weil in Medien mit
zylindrisch orthotropem Verhalten und gekrümmten Oberflächen keine geschlossene
analytische Lösung der differentiellen Bewegungsgleichung existiert. Da Finite-
Differenzen Methoden für Wellenausbreitungsprobleme im Bezug auf Speicherka-
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pazität und Rechenzeit effizient und ausserdem einfach zu implementieren sind, wur-
den die Bewegungsgleichungen und die kinematischen Relationen in zylindrischen
Koordinaten mit finiten Differenzen diskretisiert. Das Diskretisierungsnetz wurde
an die Umfangslänge der Zellringe durch vermindern der Anzahl Netzzellen im Ring
angepasst, um numerische Ungenauigkeiten zu vermeiden und Rechenzeiten zu ver-
ringern. Die Wellenausbreitungsphänomene in Baumstämmen wurden durch drei-
dimensionale Simulationen visualisiert und die Ausbreitung in der radial-tangential
Ebene eines Baumstammes durch zwei-dimensionale Simulationen, für die ein ebener
Verzerrungszustand angenommen wurde. Die Sensitivität der Laufzeiten zu unter-
schiedlichen Stadien von Pilzbefall wird ebenfalls mit zwei-dimensionalen Simula-
tionen berechnet.

Wie bereits erwähnt wurde, beinhaltet Ultraschallbeurteilung von Bäumen die In-
version von Laufzeiten. Im experimentellen Teil der Arbeit wurde erprobt, in-
wieweit zusätzliche Informationen, die in den Wellenformen enthalten sind, für die
Beurteilung verwendbar sind. Dazu waren eine angemessene Anregungsquelle und
ein Empfänger erforderlich. Als Anregungsquelle wurde ein Piezostack-Element ver-
bunden mit einer Holzschraube und als Empfänger ein heterodynes Laserinterfer-
ometer gewählt. Diese Konfiguration wurde verwendet, um vier Aspekte zu un-
tersuchen: (1) die Gültigkeit des Prinzips der Reziprozität für die Messungen, (2)
die Ähnlichkeit zwischen gemessenen und numerisch simulierten Wellenformen, (3)
der Einfluss von Hohlräumen, Pilzbefall und Druckholz in Baumstämmen auf die
Ankunftszeiten der schnellsten Welle und (4) die Ausbreitung der Oberflächenwelle
auf einem entrindeten Stamm.

Die Wellenausbreitungsphänomene wurden durch die Momentaufnahmen der zwei-
und drei-dimensionalen numerischen Simulationen abgebildet. Diese Momentauf-
nahmen zeigten die Abstrahldämpfung der Wellen bei der Ausbreitung in Baum-
stämmen. Die Berechnung der Gruppengeschwindigkeiten zeigte diese Sensitivität
des Energieflusses auf die elastischen Parameter. Sowohl die Abstrahldämpfung als
auch die Sensitivität sind Nachteile für die Verwendung von Wellenforminversion
zusätzlich zur Laufzeitinversion.

Die Experimente an den Fichtenstämmen zeigten, dass das Prinzip der Reziprozität
für die untersuchten Messgeräte im Bezug auf die Laufzeiten gilt. In den Experi-
menten konnten die Unterschiede in den Laufzeiten zwischen gesunden und hohlen
Stämmen gezeigt werden, diese stimmen qualitativ mit den Ergebnissen der Si-
mulationen überein. Laufzeitenverteilungen mit ähnlicher Form wurden für hohle
Stämme und für Stämme mit Druckholz gemessen. Die Laufzeitinversion kann
nicht zwischen den zwei Phänomenen Hohlraum und Druckholz unterscheiden, wenn
diese zu ähnlichen Laufzeitenverteilungen führen. Deshalb können die Resultate der
Laufzeitinversion in diesem Fall fehlerhaft sein.

Die Komplexität der Wellenausbreitungsphänomene wurde auf ein angemessenes
Mass reduziert, um die Methode zur Ultraschallbeurteilung von Bäumen zu be-
werten. Die Geschwindigkeitskurve ist das Resultat dieser Reduktion und wird
definiert durch die durchschnittliche Geschwindigkeit zwischen einer Quelle und den
Empfängern aufgetragen gegen die Lage der Empfänger auf dem Umfang. Diese
Geschwindigkeitskurve ist equivalent zu den Eingabedaten der Laufzeitinversion.
Die Möglichkeiten und Grenzen der Laufzeittomographie werden mit Hilfe der Sen-
sitivitätsanalyse dieser Geschwindigkeitskurven für Simulationsmodelle mit unter-
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schiedlich starkem Pilzbefall abgeschätzt. Diese Analyse bestimmt die Beziehung
zwischen dem Flächenanteil und der Stärke des Pilzbefalles, wobei die Stärke des
Befalles durch die relative Abnahme der Phasengeschwindigkeit in der befallenen
Fläche beschrieben wird. Zum Beispiel muss die Querschnittsfläche eines Hohlraumes,
der vollständig abgebautes Holz darstellt, grösser als 5 % der gesamten Querschnitts-
fläche sein damit dieser durch Laufzeittomographie erkannt werden kann.

Das numerische Modell, das in dieser Arbeit verwendet wurde, visualisiert die Wellen-
ausbreitung in Baumstämmen und fördert somit das Verständnis diese Phänomens.
Es wurde überprüft, dass das verwendete Modell zum Analysieren der Sensitivität
der Eingabedaten von Laufzeitinversionen tauglich ist. Aus dieser Arbeit wurde
folgende Schlussfolgerung gezogen, die Geschwindigkeitskurve von Messdaten ist ein
einfaches und physikalisch aussagekräftiges Werkzeug um die Eingabedaten für die
Laufzeittomographie zu überprüfen. Diese Überprüfung ist unter Anderem für die
Wahl von geeigneten Referenzmessebenen notwendig. In der weiteren Entwicklung
ist ein vielversprechender Ansatz die Untersuchung, ob a priori Informationen für
die Beschränkung der Laufzeitinversion aus den Geschwindigkeitskurven abgeleitet
werden können.
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Chapter 1

Introduction

Wood-rotting fungi, which colonize stem and root wounds, frequently degrade the
wood of trees in the urban environment. Fungal decay increases the probability
of trees falling, but the increase of probability depends on the failure mechanism.
Fig. 1.1 depicts the four commonly used classifications and the frequency of their
occurrence. Bazzigher and Schmid [1] used these classifications in their study con-
cerning the relationship between storm loss and inner decay in the Swiss forest
(mainly spruce wood). Fig. 1.1 shows that almost all trees with stock fracture and
one third of the trees with stem fracture had been decayed. For trees located along
streets or in parks, which are primarily hardwoods, no studies are known to the au-
thor. It is assumed that inner wood-decay increases the failure probability for street
and park trees as well as for forest trees. Since the failure of trees and the breaking
of branches may endanger lives as well as property, the municipality is responsible
for avoiding predictable hazards by assessing the stability of its trees.

Figure 1.1: Bazzigher and Schmid [1] investigated the storm loss in the swiss forest
in 1967: 10 % of the trees in the investigated areas failed by one of the four depicted
fracture modes. According to Graber [2] 35 % of natural regenerated spruce forests
have inner wood-decay.

Two tree assessment methods are frequently used in the German speaking coun-
tries: Static Integrated Assessment (SIA) (Wessolly and Erb [3]) and Visual Tree
Assessment (VTA) (Mattheck and Breloer [4], [5], [6]). Both methods are based on
visually assessing the vitality followed by a stability prognosis. For SIA, the basic
stability is calculated with a bending strength that is dependant on the diameter of
the tree and a load (weight and wind) that is estimated on the basis of the height
and the croneform of the tree. The inner wood-decay and other defects are taken
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Chapter 1. Introduction

into account by a reduction factor based on the decrease in the area moment of
inertia. This is a useful reduction factor if the tree fails by bending. According
to Mattheck and Breloer [7], who invented VTA, stem failure starts with a delam-
ination caused by stresses located perpendicular to the direction of the fiber in the
transition zone between the roots and the stock on the windward side. Fiber kink-
ing at the compression side ensues and the reduced cross-section fails. Mattheck et
al. [8] agree with Bazzigher and Schmid [1] who state that stock fracture mainly
occur in decayed trunks. Mattheck et al. [8] explained stock fracture and shell
buckling (Fig. 1.2b) as being the fiber kinking of considerably decayed wood on the
compression side. On hollow trees with a sound residual wall, they observed mainly
shear cracking (Fig. 1.2a) not bending failure. According to Mattheck et al. [8],
hollow fractured trees have a relationship between remaining sound wood hs and
radius of the stem ra: hs/ra <0.3, which provides an empirical criterion for stability
prognosis. Since cavities caused by inner wood-decay have an arbitrary location in
the stem, a method is required for estimating its geometry and its location.

The geometry and the location of inner wood-

Figure 1.2: (a) Shear cracking, (b)
shell buckling. After Mattheck and
Breloer [6]

decay are estimated by two conventional meth-
ods: the increment borer and the drilling re-
sistance measurements. With the increment
borer, a drilling core (usually 4 mm in diam-
eter) is extracted and assessed visually. For
the drilling resistance measurements, a thin
pin is drilled into the trunk with a constant
feed velocity and the required engine power
is recorded and analyzed. These methods re-
quire only simple data processing or none at

all but the results need to be interpreted. The three disadvantages are: (1) the sub-
jectivity of its interpretation, (2) the fact that its reliability depends on the number
and the position of the boreholes, (3) the drilling of holes into the wood and thus
its penetration of the barrier wall and the reaction zone. The barrier wall and the
reaction zone are parts of the wood, which differ in cell types and/or extractions.
The effect of damaging the barrier wall or the reaction zone with measurement de-
vices as well as the ability of fungi to breach the reaction zone itself are disputed
points in literature (for example Kersten [9], Kersten and Schwarze [10], Weber
and Mattheck [11], Schwarze and Fink [12], Boddy and Rayner [13], Rayner and
Boddy [14], Shigo [15]) An overview is given in Chapter 2.

Damaging the reaction zone is avoided by using non- and low-invasive methods. In
the latter case, nails or screws are used, which bore only 1-3 cm into the wood.
The non- and low-invasive approaches are briefly described and ordered according
to their increasing importance in practice. Catena et al. [16], [17] visualize decay in
trees by using a thermographic camera, which detects the radiation in the infrared
range. The decay is difficult to detect, since the resolution in the depth is low at
great depths and the influence of the surrounding thermal radiation is high. A very
recent approach is the experimental modal analysis of trees by Axmon et al. [18] and
Axmon [19], where the relationship between the resonance frequency of the ovaling
mode and the diameter is used as a measure of decay. Since the assessment is based
on one parameter alone, it is difficult to estimate the geometry and the location
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of the decay. Computer tomography based on X- and gamma-rays (for example
Habermehl, et al. [20], Habermehl and Ridder [21], [22]) is a promising approach,
where a X-ray or a radionuclide is used as a source. The X-ray or the gamma
radiation is detected around the tree and an image is reconstructed by means of
the absorption coefficients. In contrast to X- and gamma-ray based tomography,
tomographic methods based on electrical resistance, microwaves or elastic waves are
not dangerous. Nicolotti et al. [23] compares these three approaches by calculating
the tomograms of decayed trunks. These tomographic methods consist of inverting
electrical resistance or traveltimes of the electromagnetic and elastic waves by al-
gorithms from the field of geophysical exploitations. Tomography based on elastic
waves showed the best results in terms of depicting the geometry and the loca-
tion of the inner wood-decay. The feasibility studies of Gilbert and Smiley[24] and
Rabe et al. [25] showed good results for the traveltime tomography of the PiCUSr

measurement system (a commercial assessment tool based on elastic waves).

Figure 1.3: Interrelation between acousto-ultrasound assessment, visual tree assess-
ment, wood science (green), mechanics (blue), signal processing and measurement
setup (red).

Because the tomography based on elastic waves is a promising approach, this method
will be investigated in this thesis. The acousto-ultrasound assessment of trees is a
multidisciplinary task. Its place between the boundaries of wood science and visual
tree assessment, mechanics, measurement systems and signal processing is visualized
in Fig. 1.3. The failure mechanisms determine the criteria hs/ra <0.3 for stability
prognosis. For the prognosis of hollow trees, the required geometry and location
of the hole are estimated (for example by means of an acousto-ultrasound assess-
ment). A visual tree assessment with knowledge of the colonization strategy and
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Chapter 1. Introduction

fungus-host relationship determines if and where the acousto-ultrasound method is
to be used and how the results are to be interpreted. For the development and the
optimization of the acousto-ultrasound assessment, knowledge of the measurement
system, the signal processing algorithms and the wave propagation phenomena in
trunks is required. The mechanical properties of sound and decayed wood are nec-
essary for investigating wave propagation phenomena. These properties are closely
linked with the material organization and the variability of wood as well as the
degradation pattern of inner wood-decay. This thesis focuses on wave propagation
phenomena, measurement techniques and signal processing, while incorporating the
biological background. The experiments are carried out with softwood, while the
simulations and discussions include hardwood as well.

Before a brief review of literature for the two main topics tomography and wave
propagation in trunks is provided below, the usage of the term ”tomography” in
this thesis is defined. The term ”(traveltime) tomography” describes in this the-
sis the excitation and the circumferential measurement of elastic waves as well as
the associated signal processing. This signal processing consists of determining the
traveltimes of the waves and inverting these traveltimes in order to derive a velocity
distribution (tomogram) of the investigated cross section. Instead of traveltimes,
waveforms can be inverted as well. Until now the signal processing algorithms of
the data measured on trunks do not invert waveforms.

State of the Art: Measurement Technique and Signal Processing (Tomography)

Three commercial acousto-ultrasound tools, which include the traveltime tomogra-
phy, are available. The three tools are PiCUSr [26], ARBOTOMr (Rinn [27]) and
FAKOPP (Divos and Divos [28]). These tools use an impulse hammer (IH) to excite
the trunk and measure the accelerations on circumferential points. Commonly used
algorithms pick the onsets of the signals measured by PICUSr and FAKOPP. The
traveltimes are inverted by filtered back projection (FBP), which assumes isotropic
material behavior, and straight rays. Straight rays are appropriate in isotropic me-
dia with low velocity contrasts, otherwise inversion should account for curved rays
as in Socco et al. [29]. Socco et al. [29] excited the trunk by a ultrasonic pulse
(UP) with a broadband spectrum. To account for the curved rays an iterative trav-
eltime inversion is necessary. Socco et al. [29] used a starting model of the trunk
and updated this model iteratively by a root mean square optimization (RMSO) of
calculated and measured traveltimes. The components of the previously described
measurement systems and their signal processing are summarized in Fig. 1.4.

Figure 1.4: Summary of the measurement system and signal processing components.
n.s. abbreviates not specified

The tomography algorithm of Socco et al. [29] does not consider anisotropic material
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but the algorithm is promising and calls for the optimization of the measurement
system and inversion algorithms.

State of the Art: Wave Propagation in Trunks

There is a lot of literature available on the topic of wave propagation in anisotropic
media, for example in the fields of cristallography, fiber-reinforced composites and
geophysics. References are given in Chapters 3 to 6 and this chapter only includes
references to bulk wave propagation in cylindrically orthotropic media. For a cylin-
drical orthotropic unbounded medium (wood), Payton [30] calculated the wave-
fronts. He used the method of characteristics to derive the P- and the inplane
S-wavefronts in the radial-tangential plane. Watanabe and Payton [31] derived the
wavefront of the anti-plane S-wave in the radial-tangential plane of a cylindrically
orthotropic unbounded medium. Bulleit and Falk [32] calculated the traveltimes of
P-waves in poles with and without decay by means of finite element simulations.

The wavefronts derived by Payton [30] provide an idea of the wave propagation
phenomena in the radial-tangential plane of trunks unless the wave packets, the
surface wave and the boundary effects are not visible. A three-dimensional numerical
simulation of the waves propagation in trunks is not available in the literature.

Acousto-ultrasound tools for the assessment of trees are already being used in the
field but these methods still lack a foundation from a mechanical point of view.
The feasibility studies of Nicolotti et al. [23], Gilbert and Smiley[24] and Rabe et
al. [25] showed good results for the traveltime tomography by evaluating examples
of measurements. But, a analysis of the possibilities and limitations of applying
tomography based on elastic waves to trees is still required.

Frank Schubert [33] studied the influence of heterogeneity and porosity of concrete
on the ultrasonic wave propagation phenomena.

Objectives of the Thesis

This thesis was part of the project ”Basic investigation for the detection of fungal
decay in trees by propagating waves” [34], which aimed at: (1) Developing a inversion
algorithm accounting for the trunks anisotropy and (2) investigating the possibilities
and the limitations for the application and for further development of tomography
on trunks based on elastic waves. The partners and their tasks in this project are
summarized in Tab. 1.1. The partners of the project are from the fields of wood
science, measurement system development, geophysics and mechanics. This thesis
connects the knowledge of the partners in order to derive the possibilities and the
limitations of the method. The thesis aimed at:

• A better comprehension of the wave propagation phenomena in trunks by
means of theoretical considerations, numerical simulations and experiments.

• Synthetic data computed by numerical simulations. The synthetic data is used
to verify the inversion algorithm for traveltimes measured on trunks, which is
developed in the scope of the project by the Institute of Geophysics, EHTZ.
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Chapter 1. Introduction

• An evaluation of the possibilities to discriminate between the inner wood-decay
and the variability of wood with regard to traveltime tomography.

• An outline of the possibilities and the limitations of traveltime and waveform
tomography.

• Recommendations for a measurement system and a signal processing algo-
rithm.

Table 1.1: Project partners and tasks.

Text Preview

The basics of the anatomical structure, material parameters and the variability of
wood and wood-decaying fungi are described in Chapter 2. In Chapter 3, the gov-
erning mechanical equations for the slowness and wave surfaces are derived, the
surfaces and the energy flows are visualized and discussed in view of their relevance
for acousto-ultrasound measurements. In Chapter 4, the assumptions for the nu-
merical model and the finite difference discretization of the governing equations are
described. The simulation is validated and wave propagation phenomena are visu-
alized by examples. In Chapter 5, the experimental setups are described and the
results for measurements on sound and hollow trunks as well as trunks with reaction
wood are compared with each other. In Chapter 6, the measurement system and the
signal processing algorithm used by Maurer et al. [35], [36] are discussed in view of
their applicability. Their possibilities and limitations are deduced from theoretical
considerations, experimental results and sensitivity analysis by means of numerical
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simulations. In Chapter 7, the conclusions and recommendations regarding the use
of elastic waves for detecting inner wood-decay in living trees are summarized.
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Chapter 2

Trees, Wood and Inner
Wood-Decay

Developing an acousto-ultrasound assessment method for trees requires knowledge
of the wood and its variability as well as its fungal decay. The summary in this
chapter focuses on the intersections of wood science, acousto-ultrasound assessment
and mechanical properties (Fig. 1.3). It is based on various literature sources (Bodig
and Jayne [37], Wilson and White [38], Rayner and Boddy [14], Schwarze et al. [39],
Pöhler-Rotach and Seubert-Hunziker [40], Wagenführ [41], Niemz [42], Kollmann
and Côté [43], Dinwoodie [44]).

The material organization of wood, defined as the

Figure 2.1: Size of structural el-
ements of wood on a logarithmic
scale (vertical axis) compared
with the wavelength used in
acousto-ultrasound experiments
(3-10cm).

composition and arrangement of the structural
elements, is reflected in its mechanical behavior.
The structural elements of wood (for example the
cellulose molecule, the microfibril, the cell types
and the growthrings) and their organization are
described at several levels of magnitude. Their
size is compared in Fig. 2.1 with the wavelength
λ used in acousto-ultrasound experiments (3-10
cm). Since the size of the structural elements are
much smaller than λ, a homogenized material be-
havior with respect to the structural elements can
be assumed. This assumption is valid for the fre-
quency range of acousto-ultrasound experiments.
Subsequently, the influence of material organiza-
tion on mechanical parameters (for example elas-
tic moduli, density and damping) is described.

The variability of wood limits the acousto-ultra-
sound assessment because reference values are missing and the discrimination be-
tween variability and inner decay is difficult. This difficulties result from similar
experimental output, which mislead the signal-processing algorithms. Variability
and inner wood-decay are then briefly described.
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Chapter 2. Trees, Wood and Inner Wood-Decay

2.1 Material Organization

2.1.1 Chemical Composition

The principal constituents of wood holocellulose (approx. 65-80% of the oven-
dry mass), lignin (approximately 20-35%) and extractives (1-10% in the temperate
zones) are described below.

Holocellulose

Holocellulose is a collective term for pure cellulose and other similar carbohydrates,
called hemicellulose. Cellulose is a straight-chain polymer consisting of about 8000-
10000 glucose monomers and has a length of 4-5µm (Fig. 2.1). The hemicellulose
molecules are shorter and, in contrast to cellulose, branched. They are composed of
150-200 sugar units (glucose, mannose and galactose). Both cellulose and hemicel-
lulose are hydrophilic due to the many hydroxyl groups present.

Lignin

In contrast to holocellulose, lignin is hydrophobic and enhances the water repellence
of wood. Lignin is a three dimensional macromolecule resulting from the polymeriza-
tion of phenolic substances and is amorphous. It fills the space between the bundles
of cellulose molecules and thus it is difficult to separate from holocellulose. Lignin
enhances radial stiffness and compression strength and is comparable to the matrix
of fiber-reinforced polymers.

Extractives

The extractives of wood (e.g. resins or tannins) have little effect on mechanical
behavior (Bodig and Jayne [37]). In certain species, extractives provide resistance
to decay, usually in tropical species. In the temperate zones, most species have a
low extractive content, for example spruce (2-5 %).

2.1.2 Organization of the cellwall

The exceptional influence of cellulose

Figure 2.2: Arrangement of the microfib-
rils in the principal layers (thickness, fibril
angle) of a softwood tracheid, from Wilson
and White [38].

on the mechanical behavior of wood re-
sults from the arrangement in bundles
of a few hundred cellulose molecules.
These bundles are called microfibrils,
which consist of laterally closely linked
glucose units. This crystallinity is in-
terspersed throughout amorphous regi-
ons (Fig. C.1). Microfibrils are appar-
ent in all principal layers of the cellwall.
Fig. 2.2 depicts their arrangement in a
cell, for example a softwood tracheid.
The middle lamella (ML) is not part of
the cellwall but connects the cells with

each other. Its structure is amorphous and consists of hemicellulose and, after ligni-
fication, of up to 90% lignin. Similar to the middle lamella, the main constituents of
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2.1. Material Organization

the primary wall (P) are lignin and hemicellulose. The microfibril volume amounts
to approximately 10% of the primary wall and the microfibrils are distributed in a
scattered manner. The secondary wall (S) is dominated by the microfibrils (90% of
the volume), which are aligned parallel. The wall is divided into two parts: the outer
(S1) and the central (S2) part, which differ from each other with regard to the angle
between microfibrils and the cell axis. In the tertiary wall (T), the microfibrils have
a parallel or a slightly scattered texture and the lignin content is higher than in the
secondary wall. The types of cells in wood (for example tracheids, fibers, vessels,
parenchyma cells) differ in their cellwall composition but, in all cases, the principal
layers and their microfibril arrangement remain the same. Tab. 2.1 summarizes the
variability of cell geometries and the proportions of cell types.

Table 2.1: Volume and dimensions of various types of wood cells from Bodig and
Jayne [37].

2.1.3 Structural Organization of the Cells

The cell arrangement of softwood is much simpler than that of hardwood. Softwood
consists mainly of tracheids (Tab. 2.1), which are arranged approximately in the
direction of the stem axis and include a small angle (grain angle) with the stem axis
(usually < 10◦). Tracheids of earlywood and latewood differ in their length, radius
and cellwall thickness as well as in the distribution of constituents. The example

Figure 2.3: Thick growthring of spruce, from Wagenführ [41].

in Fig. 2.3 shows the continuous change of the cell radius of spruce tracheids in the
course of the year. The other softwood cell type, the parenchyma cell, constitutes
the wood rays, which are aligned with their cell axis in the direction of the radius.
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Chapter 2. Trees, Wood and Inner Wood-Decay

In hardwoods, the principal arrangement of cells is similar to softwood but the cells
are specialized and their arrangement is more diverse than in softwoods. Softwood
tracheids provide water transport and stiffness, unlike hardwood fibers, which only
provide stiffness. The water in hardwoods is conducted through the vessels. It is
beyond the scope of this thesis to discuss the various arrangements in detail but an
idea of its diversity is provided in Fig. C.2.

The outer growthrings of the tree form the sapwood, in which parenchyma cells are
alive. This sapwood conducts the water, while in the cells of the inner growthrings
the water transport is prevented. These inner growth rings are called heartwood,
which does not conducts water. Sapwood and heartwood differ in their moisture
content (MC). The MC of heartwood is slightly above the fiber saturation point
(FSP). For example the MC of the heartwood of spruce ranges from 35 to 50 %,
while the FSP for spruce ranges from 28 to 32 %. The MC of spruce sapwood is far
above the FSP and can rise up to >140%.

2.2 Mechanical Behavior

2.2.1 Orthotropic Behavior of Wood

The constituents and the organization of the cellwall as well as the microfibril di-
rection and the arrangement of the cells lead to the anisotropic material behavior of
wood. Neglecting the grain angle (Fig. 2.4) and assuming that the growthrings are
cylindrical, wood behaves like a cylindrically orthotropic material. Nine indepen-
dent elastic moduli (the elements Cij of the stiffness tensor C) describe the linear
elastic relation σ = Cε between stresses σ and strains ε


σ11

σ22

σ33

σ23

σ13

σ12

 =


C11 C12 C13 0 0 0
C21 C22 C23 0 0 0
C31 C32 C33 0 0 0
0 0 0 C44 0 0
0 0 0 0 C55 0
0 0 0 0 0 C66




ε11

ε22

ε33

2ε23

2ε13

2ε12

 . (2.1)

The directions 1-3 correspond to the principle axis of anisotropy, which are depicted
in the coordinate system in Fig. 2.4. 1 stands for the radial, 2 for the tangential and 3
for the axial direction. Two examples of the relation between material organization
and the moduli of elasticity are depicted in the Appendix C, Fig. C.3 (influence
of microfibril angle) and Fig. C.4 (influence of wood rays). By modeling material
organization on different levels, it is theoretically possible to estimate elastic moduli.
Analytical two-phase models have been applied to cellwall layers (for example Bodig
and Jayne [37]) and by numerical modeling of the cellwall and cell arrangement (for
example Persson [45]) elastic moduli are estimated using a homogenization method
(for example Bendsoe and Kikuchi [46]). Homogenization methods are based on
averaging, which leads to information loss. Thus, these methods cannot be inverted
and information about the material organization cannot be derived from elastic
moduli. Fig. 2.5 gives an idea of the strong anisotropy of wood by depicting four
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2.2. Mechanical Behavior

Figure 2.4: Principal directions of the orthotropic behavior.

examples of elastic moduli normalized by the modul C33. It can be seen that the
anisotropy is stronger for spruce than for the two hardwoods. For the oak example
C22 is larger than C44. In the case of spruce and maple this relation C44>C22 results
in a transversal wave, which is faster than the longitudinal wave when it is traveling
in the tangential direction.

2.2.2 Influence of Moisture Content on Elastic Moduli

To describe the effect of moisture on elastic moduli, it is important to distinguish
between bound and free water. Chemically or physically bound water influences
elastic moduli, the strength and the dimensions of the wood. The free water enclosed
in the cell cavities has an effect on the density of the wood only. Since the moisture
content of wood in a standing tree ranges from the FSP (28 to 32 %) to more than
100%, mainly the free water content changes. Hence, different moisture contents
can be modeled by adjusting density values.

2.2.3 Relation between Elastic Moduli and Density

Wood is a porous material and the pore volume varies with and within species and
tree, with the average being about 50-60%. The density of a wooden specimen
depends on pore volume and cellwall density as well as on the moisture content.
The effect of the moisture content might lead to misinterpretations of the relation
between density and elastic moduli. Thus, this relation is determined for a certain
MC. The increase of density for a certain MC results mainly from a higher cellwall
volume and leads to an approximately proportional increase of the elastic moduli.
However, changes in the chemical composition and the organization of the cellwall
and cells add a non-linear aspect to the correlation between elastic moduli and
density (Fig. C.5).
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Chapter 2. Trees, Wood and Inner Wood-Decay

Figure 2.5: Relations between the elastic moduli for spruce, maple and oak. Values
of the elastic moduli can be found in Tab. A.1. 1 stands for the radial, 2 for the
tangential and 3 for the axial direction.

2.2.4 Material Damping

Material damping refers to energy dissipation in material resulting from arbitrary
physical mechanisms on the atomic, molecular or micro scale level. Since the mate-
rial organization of wood is complex, it includes several mechanisms, for example:
(1) intermolecular friction, like in polymers, (2) friction at interfaces (microfibrils,
cellwall layers, cells) and (3) interactions between the cellwalls (solid) and the fluid
in the pores. Thus, the material damping depends on the material organization,
moisture content and density of the wood but quantitative information is hardly to
be found in literature.
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2.3 Natural Material Wood: Important Features

2.3.1 Variability

Variability is a well-defined term in wood science, Wilson and White [38] give the
following definition:

By the variability of wood we mean the range of appearance, anatomy
and chemical and physical properties to be found within the wood of trees
of a given species or in that of an individual tree.

An example for the variability of the wood provides the minimal and maximal den-
sity of wood (e.g. spruce: 280 to 610 kg/m3 with a mean value of 420 kg/m3,
Niemz [42]). Because of the variability within the wood of trees of a given species,
there is no fixed reference value for the wave propagation velocity. The variability
in the individual tree is divided into the variation along the fiber and the variation
within the cross section. The latter includes, for example, the decreasing maturity of
the wood with distance from the pith; this decreasing maturity results in a change of
elastic moduli and density. This change is considered in a few numerical simulation
models by heterogeneous material distribution. The density variation within the
growthrings is neglected in the numerical model, because of the large wavelength
(3-10 cm) used in this study. The variation along the fiber reduces the reliability
of reference measurements on the individual tree. Particular similar experimental
outputs due to different reasons, for example variability and inner wood decay, are
important to identify for the acousto-ultrasound assessment. In Chapter 5, two fre-
quently occurring variability features of the macroscale range (a few centimeters) are
studied experimentally. Both reaction wood and branch wood are described below.

Reaction wood

Reaction wood is a collective term for the compression wood that is formed by
softwoods and the tension wood that is formed by hardwoods as an reaction on the
acting loads.

Softwoods form compression wood at the lower side of branches and at the com-
pressed part of the cross section of trees. Compression wood results in an eccentric
pith with wide growthrings and more latewood. The cellwall of the latewood and
the middle lamella are thicker and the lignin content and the microfibril angle of
the S2-layer (see Fig. 2.2) are higher than in normal wood. The density of com-
pression wood is higher and the stiffness is in all directions lower or comparable to
normal wood. Its compression failure mechanism differs from normal wood, which
is determined by the fiber kinking stability (Gindl [47]).

Hardwoods form tension wood at the upper side of branches or at the tension side
of trees. The growthrings are often eccentric, the fiber cells of the earlywood are
longer but smaller in diameter. An additional layer (G) with 5◦ microfibril angle
and low lignin content increases the density.
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Branches

Branch wood has higher density and a higher elastic moduli than normal wood. Due
to the fiber orientation from the pith to the surface of the cross section, the density
normalized elastic moduli in radial direction are higher in the branches than in the
surrounding wood. Additionally, the branches are surrounded by reaction wood, the
grain is distorted in the vicinity of the knot and the wood might have discontinuities
due to cracks in the knot or in the transition zone between branch wood and normal
wood.

2.3.2 Inner Wood-Decay

Inner wood-decay refers to the fungal decomposition of heartwood, thus not affecting
the treetop. The way in which and to which extend rot-fungi decompose wood
depends on the host but, in general, it is distinguished between brown-rot, white-
rot and soft-rot. These occur in the heartwood of living trees. The descriptions
given below are summarized from Schwarze et al. [39].

Brown-Rot

The cellulose and the hemicellulose are degraded, while lignin remains in a slightly
modified form. Schwarze et al. [39] describe the spatial degradation pattern as
being flaws in the tertiary wall (T), which go towards the outer secondary wall (S1).
Brown-rots mainly occur in softwoods.

White-rot

The diversification of degradation pattern of white-rots is higher than that of brown-
rots. It is common to distinguish between selective delignification and simultaneous
rot. Selective delignification results in the decomposition of the lignin in the mid-
dellamella and later in the secondary wall. Cellulose and hemicellulose are degraded
to a minor degree. This type of white-rot occurs in softwoods as well as in hard-
woods. Simultaneous rot degrades lignin and holocellulose to equal parts. The
hyphen grow in the lumen on the tertiary wall and degrade the cell wall nearby.
Hosts of simultaneous rot are mainly hardwoods.

Soft-Rot

The soft-rot degrades holocellulose and, to a lesser degree, lignin and thus it is
more similar to brown-rot. It is important to distinguish between the two types of
decomposition patterns : Type 1 builds caverns in the S2-layer along the microfibrils.
Type 2 builds rifts into the cellwall and exists mainly in hardwoods.

Colonization Strategies and Barrier Zones

The data analysis and interpretation of acousto-ultrasound assessment requires know-
ledge about colonization strategies. Schwarze et al. [39] classifies the colonization
strategies of fungal pathogens by the three sites of occurrence: roots, rootstock
and stem. Rootstock-rotting and stem-rotting fungi (Fig. 2.6) are correlated with
stock and stem fractures (Fig. 1.1) and might be detected by acousto-ultrasound
assessment.

Stem-rotting fungi invade the tree mainly by colonizing wounds on the stem or
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wounds on broken or cut branches. In the latter case, they survive in the branch
cut until the tree has overgrown the dead branch. If the conditions are appropriate,
they grow and degrade the surrounding wood. Rootstock-rotting fungi spread their
spores through the soil or transfer them from root to root. The growth starts from
the roots and penetrates the heartwood of the tree.

As visualized in Fig. 2.6, only the

Figure 2.6: Location of rootstock-rotting and
stem-rotting fungi. After cambium wounding
a barrier wall is formed by the tree.

stem wounding results in a barrier
wall, which is a growth ring pro-
duced by the cambium at the time
of injury. It consists of more pa-
renchyma and fungicide extractions
than normal growthrings. The bar-
rier wall is often the boundary be-
tween the decayed and the sound
wood but the reasons for the exis-
tence of this boundary are disputed
points in literature. The concept of
compartmentalization of decay in living trees (CODIT, Shigo [15]) says the barrier
wall is an active reaction of the tree against the fungi. In contrast Boddy and
Rayner [13], [14] say that it is a reaction against the drying of the wood and the
barrier wall is the boundary between decayed and sound wood, because only dry
wood provides appropriate conditions for the fungi. Besides the barrier wall, reaction
zones are produced by living cells in the vicinity of injuries and decay. In the context
of barrier walls and reaction zones, the effects of drilling diagnosis (increment borer
and drilling resistance measurements) are a controversy in the literature. Kersten
and Schwarze [10] showed that fungal spore spreads into the sapwood on account of
the reaction zone being penetrated by drilling devices. But Weber and Mattheck [11]
stated that excessive drilling diagnosis did not lead to wood-decay propagation.
Schwarze et al. [48], [49] pointed out that in some fungus-host-relationships the
reaction zones can be penetrated by the fungus.

Influence on Moisture Content (MC)

The MC influences the density of the wood and the parameters of acousto-ultrasound
assessment are density normalized elastic moduli. Thus, the effect of fungal activity
on the MC of the decayed wood is significant. Fungal activity influences the MC by
means of three mechanisms: (1) the production of metabolic water, (2) the transport
of free water from the sapwood, (3) indirectly by the different pore volume, which
influences the capillary effect (Rayner and Boddy [14], Griffin [50]). There does
not exist much literature at all concerning the quantitative information about this
relationships in standing decayed trees. Experiments dealing with fungal activity
in laboratory decayed wood do not account for the free water transport (2) and,
additionally, the degradation pattern differs from naturally decayed wood.
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Influence on Mechanical Properties

The applicability of acousto-ultrasound tools for the detection of fungal decay of
trees depends on the influence of fungal decay on the wave propagation velocity in
the investigated area. Since the stability of trees depend on the strength of the
remaining wood, the influence of the fungal decay on the strength is of interest.
In this subsection the influence of fungal decay on strength and wave propagation
velocity is described by results of experimental studies found in the literature.

Winandy and Morrell [51] studied the decomposition of douglas-fir specimen by
two brown-rots (Postia placenta and Gloeophyllum trabeum) for various incubation
times. After the exposure to the fungi they dried the specimens to approximately
12 % equilibrium MC. Subsequently they measured the velocity of the longitudinal
wave travelling in axial direction (vZ=

√
C33/%) and the flexural strength for a four-

point loading test. Fig. 2.7 depicts the weight loss, the decrease in strength and the
decrease in the velocity vZ versus the incubation time. The decrease of the strength
and of the velocity vZ are calculated with the values of strength and velocity after
three incubation days. It can be seen in Fig. 2.7 that the strength decreases faster
than the weight and the velocity vZ .

Figure 2.7: Decrease of the axial flexual strength, decrease of the velocity vZ and
weight loss versus the incubation time. The diagram is based on experimental data
from Winandy and Morrell [51].

For acousto-ultrasound measurements in the radial-tangential plane of the trunk
the velocities of the longitudinal waves propagating in radial and tangential di-
rection (vR=

√
C11/% and (vϕ=

√
C22/%)) are more important than vZ=

√
C33/%.

Schwarze [52] studied the influence of one brown-rot, three white-rots and two soft-
rots on the velocity vR and the flexural strength in radial direction. The velocity
vR of the inoculated and the control specimens was measured after 12 weeks of
exposure directly after the removal. This measurement directly after the removal
ensured that the influence of the MC, which was influenced by the fungal activity,
on the velocity vR was taken into account. After 4 weeks of exposure the inoculated
and the control specimens were oven-dried and subsequently the flexural strength
was measured. Fig. 2.8 depicts the decrease in the velocity vR (blue) and in the
radial flexural strength (red) as well as the weight loss for the six different fungus-
host relationships. The strength decreases faster than the weight loss and the the
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velocity vR, except for the soft-rot Inonotus hispidus. The decrease in the velocity
vR amounts between 13 % to 52 % except for the soft-rot Ustulina deusta (3.4 %).
The relation between the decrease in the velocity vR and the weight loss for various

Figure 2.8: Decrease of the radial flexural strength (red) and of the velocity vR
(blue) as well as the weight loss caused by fungal decomposition. Experimental
data from Schwarze [52].

fungus-host relationships is provided by Fig. 2.9, which depicts the experimental
results of Schwarze and Fink [12]. The velocity vR of the inoculated and the control
specimens was measured after 12 weeks of exposure directly after the removal. The
eight fungi degraded the wood during the exposure to different extend. The depen-
dance of the fungal activity on the host is shown by the two examples of hosts for
each fungi. It can be seen that the velocity vR in Fig. 2.9 is more sensitiv to fungal
decay than the velocity vZ in Fig. 2.7. There are three possible reasons for this
difference in sensitivity: (1) the velocity vR is more sensitive than velocity vZ , (2)
the wave propagation velocities are more sensitive to the fungus-host relationships
of Schwarze’s study [52] (except Ustulina deustum) and (3) the influence of the MC
on the velocity is included only in the study of Schwarze [52].

Bauer and Kilbertus [53] and Niemz [54] estimated the decrease in various wave
velocities due to Coriolus versicolor decaying beech wood and due to Gloephyllum
trabeum decaying pine wood. Tab. 2.2 summarizes their results.

Table 2.2: Relative decrease in the wave velocities for a weight loss of 10%. vR, vϕ,

vZ , vϕR =
√
C66/%, vZϕ =

√
C44/%, vZR =

√
C55/%. Experimental results from (a)

Bauer and Kilbertus [53] and (b) Niemz [54].
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Figure 2.9: Relative decrease in vR versus the weight loss due to degradation by
various wood-decaying fungi after twelve weeks of exposure. Experimental data
from Schwarze and Fink [12].

In Schubert et al. [55] (see Appendix B), the C66 of different stages of decay by
white-rot Ganoderma lipsiense and Heterobasidion annosum was determined by
modal analysis. C66 was determined after stabilizing the specimens in the climate
at temperature 20◦ and with a relative humidity of 55%. Fig. 2.10 depicts the
relationship between the decrease in C66 and the mass loss due to degradation by
G. lipsiense and H. annosum. This diagram was compared with the results of
Schwarze [52], who measured a decrease in the wave velocity vR in an early stage.
The question arose here as to whether the decrease in the wave velocity in the early
stages of decay by H. annosum results rather from the higher MC than from a
reduced stiffness.

Figure 2.10: Decrease of C66 versus mass loss due to degradation by G. lipsiense
and H. annosum.
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2.4 Conclusions

A significant influence of fungal decay on the wave propagation velocities vR and vϕ
is a precondition for applying acousto-ultrasound tools for the detection of fungal
decay of trees. The relation between the decrease of these velocities and the strength
of the wood is significant for the estimation of the effect of the fungal decay on the
stability of the tree. With respect to these two aspects the results from Fig. 2.7 to
2.9 are summarized:

• For a weight loss > 5% the decrease of the velocity vR was for 10 of 11 fungal-
host relationships > 15%. For a weight loss < 5% the decrease of the velocity
vR was for 3 of 5 fungal-host relationships > 10%. (Fig. 2.9)

• The strength decreased faster for all fungus-host relationships of Fig. 2.7 and
2.8 than the velocity and the weight (exception: U. deusta on Basswood).

• The relation between strength and velocity varied for the different fungus-host
relationships. (Fig. 2.8)

Since there is no physical relation between the loss of strength and the decrease in
the wave propagation velocity or the density, no information about the strength can
be derived from acousto-ultrasound tools for the assessment of trees. Thus, it is
proposed to interpret the tomograms by a rule, which overestimates the influence
of the fungal activity on the strength. For example, all areas in a tomogram that
depict a velocity vR decreased more than 10 % are treated as a cavities for the
statical calculations.

In the estimation of the influence of the fungal decay on wave propagation velocities,
the influence of fungal activity on the MC should be taken into account. The control
specimen method used by Schwarze [52] is an appropriate method for this, despite
the fungal activity in laboratory experiments differs from naturally decayed wood.

In this thesis the fungal decay is studied by experiments and numerical simulations:

• In the experiments, trees with decay in a late state (cavities) or with artificial
cavities are investigated.

• Different stages of inner wood-decay are studied with case scenarios by numer-
ical simulation.
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Chapter 3

Theoretical Considerations

The complex phenomena of wave propagation in anisotropic media are often stud-
ied analytically by calculating and visualizing the wavefronts of plane waves. The
wavefronts of the three possible waves build a surface with three sheets. The an-
alytical calculation of the wavefront for plane waves is straightforward. But for a
cylindrically anisotropic medium, like wood in trunks, plane waves do not fulfill
the differential equation of motion. Thus, the wavefront shape is time-dependent.
The wavefronts in the radial-tangential plane of a cylindrically orthotropic medium
(wood) were analytically derived by Watanabe and Payton [31] for the anti-plane
wave and by Payton [30] for in-plane waves. The latter used the method of charac-
teristics - frequently employed in non-linear wave propagation - in order to calculate
the wavefront shapes at specific times. One example of Payton’s wavefronts is com-
pared with the numerical simulation (Fig. 4.4).

However, the wave surface of ”Cartesian” orthotropic behavior provides an idea of
the complex wave propagation phenomena in anisotropic media as well as infor-
mation for local considerations on the ray-paths. The author followed Royer and
Dieulesaint [56] and Rose [57] to derive the eigenvalue problem from the governing
equations and to calculate group velocities as a function of phase velocities (eigen-
values) and polarization vectors (eigenvectors). The slowness and the wave surface
are determined by using elastic moduli and the density of spruce wood. Certain fea-
tures of slowness and wave surfaces are described. In terms of acousto-ultrasound
assessment of trees, the answers to the following three questions are discussed:

• Which velocity is measured in the acousto-ultrasound assessment of trees?

• How do changes in elastic moduli influence the energy flow?

• Which kind of source is adequate for the assessment? An point source or a
directional source?

The answers are discussed for spruce and two hardwood examples (oak and maple),
which are frequently found in urban environments.
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3.1 Governing Equations

The following notations are in index notation for a Cartesian coordinate system. In
this section the Einstein summation convention is applied. Hooke’s law in Eq. 2.1
can be written in index notation,

σik = Ciklmεlm, (3.1)

with the stresses σik, the stiffness tensor Ciklm and the strains εlm. The linear
kinematic relations between the strains εlm and the particle displacement vector ui
are,

εlm =
1

2
(ul,m + um,l). (3.2)

Inserting Eq. 3.1 and Eq. 3.2 in the equation of motion equation,

%üi = σik,k, (3.3)

where ρ is the density, another formulation for the equation of motion is derived,

%üi =
1

2
Ciklm(ul,km + um,kl). (3.4)

The wave normal n is perpendicular to the wavefront. Assuming plane waves, the
wavefront shape is time-independent and the n · x = c · t. Thus, the displacement
vector ui can be described as,

ui = AiF (t− nkxk
c

), (3.5)

where F represents an arbitrary function and t is the time. The phase velocities c
and the polarizations Ai are the solutions of the eigenvalue problem, which is derived
inserting Eq. 3.5 in Eq. 3.4

(Γim − c2%δim)Am = 0. (3.6)

The Christoffel tensor Γim = Ciklmnknl and the Kronecker delta δim are three by
three matrices.

Thus, the solution of the eigenvalue problem gives

Figure 3.1: Slowness surface
1/c.

for every wave normal n three phase velocities and
corresponding polarization vectors, which are or-
thogonal to each other.

To visualize the wavefront it is necessary to deter-
mine the group velocity, which equals the energy
velocity ve, if the homogeneous anisotropic me-
dia is not frequency dispersive (Winterstein [58]).
Fig. 3.1 depicts a part of a slowness surface de-
termined by the wave normal n and the radius
R(n) = 1/c(n). The energy velocity vector ve is
always perpendicular to the slowness surface. Dividing the Poynting vector pi

pi = −Ciklmεlmu̇k, (3.7)
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with the energy density e

e = %u̇iu̇i, (3.8)

the energy velocity vector ve is derived (Royer and Dieulesaint [56])

vei =
−Ciklmεlmu̇k

%u̇pu̇p
=
CiklmAkAmnl
%cApAp

. (3.9)

3.2 Slowness and Wave Surface for Spruce

The phenomena of slowness and wave surfaces are shown for an example of spruce
wood. As depicted in Fig. 3.1 a slowness surface is determined by the inverse of the
phase velocities, which depend on the wave normal n. The wave surface is equivalent
to the wavefront and thus is determined by the group velocities. The stiffness tensor
used for the calculations of the phase velocities was published by Hörig [59] and used
by Musgrave [60] to plot the slowness curves of spruce wood. Density and elastic
moduli are given in Tab. A.1 (Spruce No. 1). Eq. 3.6 and Eq. 3.9 are implemented
in MATLABr and phase velocities, polarizations and group velocities are calculated
and plotted for the corresponding wave normal.

Figure 3.2: Intersections of the slowness surface with the coordinate planes; red
arrows mark the polarization vectors and the roman numbers refer to the plane
definitions of Musgrave [60] (Appendix C, Fig. C.6).

Fig. 3.2 depicts the slowness surface in the intersections with coordinate planes,
which are the symmetry planes for this surface. In most forms of anisotropic media
the fastest wave (P-wave) lies on a separated sheet, while the two other waves (S-
waves) lie on two sheets that intersect each other. These points or lines where
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the velocities are equal are called singularities. Singularities between P- and S-
wave occur only in a few materials. One of these materials is spruce wood as
shown by Musgrave [60]. The roman numbers refer to types of planes as defined
by Musgrave [60]. The definitions are depicted in Appendix C, Fig. C.6. The
materials with a P-wave that lies on a separated sheet have two planes of type Ia
(no intersection between the lines) and one plane of type III (intersection between
S-waves). These types of planes can be identified by size ordering of the diagonal
terms of the stiffness tensor. The planes which occur in the softwood and hardwood
examples used in Chapter 2 and 3 are summarized in Appendix C, Tab. C.6. This
summary provides an overview of the variety within and among the genera of trees.
The wave (see Fig. 3.2) for which the polarization is longitudinal along the coordinate
axes neither defines a closed surface nor does it always have the fastest velocity.
Thus, it is difficult to clearly distinguish between the three waves, since neither the
polarization (longitudinal/transversal) nor the velocity (primary/secondary) gives
an appropriate classification. For the discussion of the phenomena, however, it is
necessary to name the waves and in accordance with the polarizations the following
four abbreviations will be used: (qL) quasi-longitudinal wave, (T) pure transverse
wave (out-of-plane), (qT) transverse wave (in-plane), (tLT , tTL) transition wave
between a longitudinal and a transverse wave.

Figure 3.3: Detail of the intersection between the RZ-plane and the slowness surface;
the wave normal n is depicted for an angle of 5◦ between n and the radial axis; red
arrows: polarization direction; black arrows: group velocity direction.

In literature the q for ”quasi” in front of longitudinal or P-wave is used, if the
angle between polarization and wave normal is ≤45◦ (the angle vanishes for pure
waves). The deviation between the polarization (red arrows) and the wave normal
n in Fig. 3.3 was >60◦ for a large part of the qL-wavefront. The black arrows depict
the group velocity vectors, which had only a small deviation from the polarization.
This small deviation of polarization and energy direction yields for all symmetry
planes, an observation that agrees with Crampin [61]. The directions of the qT-
group velocity vectors in Fig. 3.3 lead to energy focusing and wavefront overlapping
(cusps) in the marked area. Fig. 3.4 depicts the wavefronts in the coordinate planes
with the cusps resulting from the shape of the slowness surface.

26



3.3. Discussion in Terms of Acousto-Ultrasound Assessment

Figure 3.4: Intersections of the wavefronts with the coordinate planes.

3.3 Discussion in Terms of Acousto-Ultrasound

Assessment

Until now acousto-ultrasound assessment of trees has been carried out with devices
that measure radial accelerations of the trunk surface (only Rϕ-plane) and invert
traveltimes of the qL-wave. The qL-wave is excited by a source that applies stresses
in the radial direction where the size of the source is small compared to the wave-
length of the propagated waves. The complex coupling of the source and the trunk
by screws or by nails and the relationship between source dimensions and wave-
length result in a wave propagation that is more similar to a point source than to
a directional source. Thus, the wavefronts are curved in a way similar to wave sur-
faces plotted in this chapter for ”Cartesian” or by Payton [30] for the cylindrical
orthotropic behavior. Even though the wood of trunks is not cartesian orthotropic
in nature, Fig. 3.4 illustrates the effect of geometrical spreading of the qL-wave in
the RZ-plane. This geometrical spreading is one reason for the large amount of en-
ergy that is required for exiting trunks in the acousto-ultrasound range. Additional
reasons for this are the material damping, the wave scattering and the source which
might be poorly coupled. One possibility of minimizing geometrical spreading is
having a directional source. In what follows, the appropriateness of a point source
and a directional sources for acousto-ultrasound assessment of trees is studied with
respect to the consequences for traveltime and waveform inversion. Traveltime in-
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version is already being used in the field. It assumes that the measured qL-wave
traveled in the Rϕ-plane. Waveform inversion can be a possibility to enhance the
resolution of the tomograms. It assumes that the amplitude is modeled in a suffi-
ciently correct manner. A brief introduction to traveltime and waveform inversion
is provided in Chapter 6.2.

Figure 3.5: Left: Group velocity ve and phase velocity c of a qL-wave in a transversal
isotropic trunk; Right: Relative difference between the measured velocity vm,R and
phase velocity cqL,R versus the deviation β (angle between wave normal n and R-
axis). The material parameters of Spruce No. 1 and 2, Maple No. 1 and Oak No. 1
are summarized in Tab. A.1.

First, the previously described assumption for traveltime tomography is studied to
see whether it is valid for a directional source. Fig. 3.5 (left) visualizes the energy
flow in a trunk when assuming that the previously described wavefront calculation
approximates well the wave propagation in the RZ-plane of a trunk. This trunk is
excited by a source resulting in directional propagating waves. A directional source
has to have large dimensions compared with the wavelength of the propagating wave.
The practical difficulties for developing a directional source such as overly large
dimensions or overly high excitation frequencies are neglected and the excitation by
such a source is investigated. As long as the direction of the source is perfectly radial,
the energy flows in the direction of propagation. The effect of a small deviation of
β = 5◦ from the radial axis that remains within the RZ-plane, is visualized in Fig. 3.5
on the left side. For the chosen example Spruce No. 1 the energy flow is determined
by Eq. 3.9. The angle between the radial axis and the energy flow is γ = 56◦.
Because of this large angle, the wave arrives on another altitude of the trunk as the
altitude the accelerations are being measured. For a deviation of β =5◦, the energy
flow angle γ amounts for the hardwood examples Maple No. 1 and Oak No. 1 to
8◦ and 10◦, respectively. As a consequence, it is possible to measure the arriving
wave on the opposite side of the trunk for these hardwood examples. Another result
of this energy flow angle is the error of the measured velocity vm. This velocity
unequal to the main parameter of the inversion algorithms: the phase velocity cqL,R.
The relation between the velocities measured on the trunk vm and this parameter
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is required. The measured velocity in the radial direction vm,R is

vm,R =
d

tt
, (3.10)

with d representing the diameter of the trunk (the distance between the source and
the receiver for a radial measurement) and the traveltime tt. If the damping of the
material is neglected and geometrical dispersion is not present, then the difference of
group and phase velocity will only depend on the angle between the wave normal and
the energy vector (Musgrave [60] or Royer and Dieulesaint [56]). Assuming that the
traveltime tt and the distance d were correctly determined, then the relation between
the phase velocity cqL,n and the measured velocity vm,R is

vm,R = cqL,n cos β, (3.11)

Using Eq. 3.11 the relative difference errn between the measured velocity in radial
direction vm,R and phase velocity cqL,R is,

en =
vm,R
cqL,R

− 1, (3.12)

This relative difference depending on the propagation direction is depicted in Fig. 3.5
(right). For the two hardwoods, the difference errn is smaller then 1% for β ≤
10◦; vm,R ≈ cqL,R. That is to say, the measurements with directional sources are
insensitive to the inexact installation of the source for these hardwood examples. For
the spruce examples, the measurements are sensitive and the variation between the
examples is very large. With regard to the relative difference between the measured
velocity vm,R and the required phase velocity it is recommended to investigate only
maple and oak with directional sources and not spruce. Other hardwoods and
softwoods can easily be studied by the previously described method.

The two-dimensional traveltime inversion assumes that the path that the wave prop-
agates lies in the investigated plane. For an point source, the wave path lies, in the
Rϕ-plane of the trunk, if the material parameters of its wood are homogeneously
distributed. For a directional source, on the other hand, the path does not lie in
the Rϕ-plane under the previously described conditions. Thus, the point source
is appropriate for traveltime inversion of all examples and the directional source is
appropriate only for the hardwood examples.

Second, the energy flow is discussed in terms of amplitude modeling for waveform
inversion. The required starting model is a certain distribution of material pa-
rameters. For waveform inversion this starting model is commonly generated by
traveltime methods. The waveform inversion improves the starting model so that
the measured amplitudes fit best the computed amplitudes. To achieve a reason-
able result the model must account for the significant amplitude varying factors.
For example, material damping is often modeled by a visco-elastic behavior. An
amplitude correction filter can account for geometrical spreading, but according to
Pratt [62] this fails for strong velocity contrasts or for waves that travel with differ-
ent velocities. These are present for the investigated problem of acousto-ultrasound
assessment. Another possibility of accounting for geometrical spreading is three-
dimensional or 2.5-D modeling. Neglecting the fact that such modeling is expensive
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on account of the required computer resources and the computation time involved,
the energy flow is discussed in view of such models. Previously it was mentioned
that the starting model is commonly generated by a traveltime inversion method. In
the acousto-ultrasound assessment, these traveltimes are determined in a particular
Rϕ-plane of the trunk. Thus, only information about the ”in-plane” elastic moduli
(C11, C22, C12, C66) can be derived. The information about all other significant
elastic moduli must be estimated by waveform inversion. The amplitude variation
by geometrical spreading is discussed taking into account variations in the energy
flow due to different material parameters of certain species. The same situation
depicted in Fig. 3.5 is considered. Fig. 3.6 depicts the energy flow direction of the
qL-wave versus the propagation angle β for seven different spruce, three maples and
three oaks. It can be seen that the energy of the qL-wave tends to flow in fiber

Figure 3.6: Energy flow angle γ of the qL-wave versus β for different genera and
species. The used material parameters are summarized in Tab. A.1.

direction, this tendency is stronger in spruce than in maple or oak. The high slope
of the curve in the vicinity of the R-axis results in a large variation of the energy
flow angle γ for small variations in the propagation angle. The slope and therefore
these variations are smaller for maple and oak than for spruce. Since there are
large differences within a genus, the question of the influence of the elastic moduli
on the energy flow arises. Fig. 3.7 depicts the deviation of the energy flow angle
γ for a 20% decrease of four elastic moduli versus the propagation angle β. The
variations of C11, C33, C55 and C13 are shown; all other elastic moduli have had no
significant influence on the energy flow angle γ in the RZ-plane. For Spruce No. 1
- the example of the slowness surface - the influence of C11 and C55 is extremely
high in the vicinity of the R-axis. To avoid any misleading interpretations, another
spruce example is given on the upper right side. In the two hardwood examples
the influences of all elastic moduli are lower than in the spruce examples and the
influence area is less focused on the vicinity of the R-axis. The energy flow angle γ
and its sensitivity to the elastic moduli (Fig. 3.7) visualize the complicating factors
for waveform inversion in the strong anisotropic wood.

The concluding remarks of the theoretical considerations with regard to point sources
can be summarized as the following:

• They can be used for traveltime tomography on the softwood and on the
hardwood examples.
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Figure 3.7: Sensitivity of the energy flow angle γ on the elastic moduli (C11, C22,
C12, C66) versus the propagation angle β. The deviation γRef − γ is the difference
between the energy flow angle of the reference model (Spruce No. 1, No. 2, Maple
No. 1, Oak No. 1) and the same models with a decreased elastic moduli (20%
decrease).

• For waveform inversion 3-D or 2.5-D modeling is required because the energy
tends to flow in Z-direction.

• The large variation of the energy flow angle γ between genera and species of
trees is one of the complicating factors for waveform inversion.

• The influence of the ”out-of-plane” elastic moduli (C33, C13, C55) is another
complicating factor for waveform inversion.

The concluding remarks of the theoretical considerations with regard to directional
sources can be summarized as the following:

• Small deviations between the focus direction and the R-axis lead to errors in
the measured velocities.

• They can be used for traveltime tomography on the hardwood examples.

• Waveform inversion might be possible with 2-D modeling but small deviations
between the focus direction and the R-axis influence the amplitudes of the
measured signals.
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For both kind of sources, yields that amplitude modeling for waveform inversion
of data from decayed planes become even more difficult than for data from sound
planes because of the various reflections and mode conversions involved.
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Chapter 4

Numerical Modeling

The elastic wave propagation was modeled numerically, because in media with cylin-
drically orthotropic behavior and curved boundaries there exists no closed form an-
alytical solution for the equation of motion. The two purposes for modeling elastic
wave propagation in trunks were:

• Visualization of the wave propagation in order to provide a better interpreta-
tion of the experiments

• Sensitivity analysis with regard to the detectability of inner-decay

Numerical methods for simulating wave propagation are the finite-differences, the
pseudospectral, the finite-element methods as well as the finite-integration tech-
nique. The numerical method had to provide a three-dimensional model with cylin-
drically orthotropic behavior. No publications of such models had been found for
the pseudospcectral method and the finite-integration technique. The finite-element
method is available in the form of convenient commercial programs, where the cylin-
drically orthotropic behavior can be modeled in three dimensions. One disadvantage
of finite-element models for a cylindrical geometry is the grid. It is either stepped at
the outer circular boundary or has large differences in the dimensions of grid cells.
The first leads to undesired reflections and the latter to numerical dispersion. More-
over, when high-order finite-elements (≥2) are used, not only the physical modes but
also the artificial modes propagate (see for example Carcione et al. [63]). Using low-
order finite-elements requires a great amount of computer storage and computation
time. The finite-differences method is more efficient in terms of storage and com-
putation time in addition to being simple to implement for cylindrically orthotropic
behavior. Thus, the wave propagation in trunks was modeled by a finite-differences
methods.

The finite-differences time domain method (FDTD) with a staggered grid was intro-
duced by Yee [64] for the discretization of the Maxwell’s equation. Madariaga [65]
was the first to apply this method to the equation of motion for homogeneous
isotropic media. Chen et al. [66] provided a three-dimensional code in cylindri-
cal coordinates for isotropic media. The discretized equations for material with
cylindrically orthotropic behavior are found in May and Dual [67].

This discretization is used in this thesis, but it is optimized in terms of computation
time and computer storage by higher-order finite differences, adapted grid and ap-
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plied symmetries. These aspects are described in Section 4.1 along with assumptions
for the model, governing equations, reduction to the two-dimensional models and
the modeling steps. In Section 4.2, the simulation model is validated by compar-
ing wavefronts and dispersion curves of computed signals with analytically derived
wavefronts and dispersion curves. Three- and two-dimensional simulations visualize
the wave propagation phenomena in sound and decayed stems in Section 4.3.

4.1 Finite Difference Model

4.1.1 Assumptions

The simulation model represents a stem with a circular cross-section, a pith in the
center and a vanishing grain angle (see Fig. 2.4). The piths of trees are usually
much weaker than the surrounding wood and thus they were modeled by means of a
small cylindrical hole in the center of the model. The mechanical behavior of wood
in trunks was described in Chapter 2.2. The orthotropic behavior of the trunk was
modeled by the stiffness tensor C with its nine independent elastic moduli. Since
the trunk’s orthotropic behavior is cylindrical in nature, the governing equations are
formulated in cylindrical coordinates. The structural elements, like cells (µm-range)
and growthrings (≈1-3 mm), are much smaller than the wavelength (3-15 cm) in the
frequency range being considered (15-50 kHz). Thus, the structural elements were
neglected and a homogenized material was assumed. Material damping and effects
due to scattered material parameters were neglected.

4.1.2 Governing Equations

The equation of motion 3.3 in cylindrical coordinates (Graff [68] and Rose [57]) are

%
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=
∂σrr
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+
1

r
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+
σrz
r
, (4.1)

with ur, uϕ and uz the displacement components, σrr, σϕϕ and σzz the normal
stresses, σrϕ, σϕz and σrz the shear stresses and the density %. The relations between
the stresses σ and the strains ε are described by Hooke’s law in Eq. 2.1. The linear
kinematic relations in cylindrical coordinates are (Graff [68])

εrr =
∂ur
∂r

,

εϕϕ =
ur
r

+
1

r

∂uϕ
∂ϕ

,

εzz =
∂uz
∂z

,
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εrϕ =
1

2

(
1

r

∂ur
∂dϕ

+
∂uϕ
∂r
− uϕ

r

)
,

εrz =
1

2

(
∂uz
∂r

+
∂ur
∂z

)
,

εϕz =
1

2

(
∂uϕ
∂z

+
1

r

∂uz
∂ϕ

)
. (4.2)

Since three-dimensional models result in a great amount of algebraic operations
for each time-step, only few examples were simulated in three dimensions. Most
sensitivity parameters were studied in two-dimensional models representing the Rϕ-
plane of the trunk. A two-dimensional model can be based on the assumption of
the plain-stress or the plain-strain deformation state. The plain-strain deformation
state represents a trunk that is infinite in the axial direction and is excited by a
source infinitely extended along the Z-axis. This model is more appropriate for
studying trunks than a plain stress model, which represents a thin wooden disc.
The equations for a plain-strain deformation state are derived by assuming that all
derivatives in the axial direction ∂/∂z vanish and thus the axial strain εzz as well.

4.1.3 Discretization

The spatial and temporal derivatives in the Eqs. 4.1 and the Eqs. 4.2 were discretized
with central differences using a staggered grid. The same allocation of displacement
and stress components on the staggered grid was chosen as used by Gsell [69]. The
time derivative as well as the derivative with respect to r and z are discretized
using second order central differences. Eight-order central differences for derivatives
with respect to ϕ resulted in lower necessary sampling rates for this direction and
thus computer resources were saved. The derivation of such higher-order central
differences and the numerical dispersion analysis of a forth- and second-order code
can be found in Leutenegger [70]. The following description of the adapted grid and
the boundary conditions are carried out for the two-dimensional model only because
it is simpler but the extension for the third dimension is straightforward. For the
in-plane wave propagation in a two-dimensional model representing the Rϕ-plane,
only the first two of the Eqs. 4.1 are necessary, while all derivatives in the axial
direction ∂/∂z vanish. It follows that only the calculation of εrr, εϕϕ and εrϕ is
required. The two-dimensional staggered grid is depicted on the left side of Fig. 4.1.

Adapted Grid

The number K of cells in the ϕ-direction is determined by K = 2πR/∆ϕ, with the
outer radius R of the trunk. Towards the center of the cross-section the relation
r∆ϕ/∆r decreases and leads to numerical dispersion as well as to a significantly
smaller time step due to the stability criterion (Eq. 4.14). The computation time
increases reciprocally in proportion to the time-step. Thus, the number of cells K
are adapted to the radius by an iterative scheme starting at the outer boundary R
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∆ϕ(rj−1) =

{
∆ϕ(rj), if rj∆ϕ(rj) > 0.7∆r;

2∆ϕ(rj), if rj∆ϕ(rj) ≤ 0.7∆r;
. (4.3)

The rings of cells with the same ∆ϕ build a section. The calculation of the stress
and deformation components is carried out section-wise. Fig. 4.1 depicts on the
right side the transition cells at the section boundary. The components σ̃ and
ũ of the transition cells were calculated with the interpolated components, which
are marked in red. These components were interpolated with a two-dimensional
quadratic scheme.

Figure 4.1: Staggered grid with cell numbering, deformation components u and
stress components σ (left); allocation of the stress components σ̃ and displacement
components ũ at the section boundary (right); required interpolated components
are marked in red.

Boundary Conditions

A small hole in the center of the model represented the pith and thus the surface of
the inner radius rp as well as of the outer radius R was assumed to be stress-free.
That is to say the stress components σrr and σrϕ vanish on the surface excepting the
part where the model is being excited. The excitation was represented by a stress
component in the radial direction. The free boundary conditions are implemented
by using a fictitious layer next to the surface, which was introduced by Alterman
and Karal [71]. The required fictitious values σ̂rϕ and ûr are calculated,

k

σ̂rϕ = − J,k
σrϕ, (4.4)

k

ûr =

[
J,k
σrr −

C12

rJ+1/2

∂
J,k
uϕ
∂ϕ
− J,k
ur

(
C12

2rJ+1/2

− C11

∆r

)]
/

(
C12

2rJ+1/2

+
C11

∆r

)
, (4.5)

with J being the number of elements in radial direction and
J,k
σrr being the radial

stress component on the surface,
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J,k
σrr(t) =

{
0, free surface

se(t), excitation
(4.6)

with se(t) representing the signal of the excitation. Hence, the stress and deforma-

tion components on the surface
J,k
σϕϕ and

J,k
uϕ are calculated using the fictitious values

ûr and σ̂rϕ, respectively.

Additional Optimization Strategies

The three-dimensional model required a great amount of cells with displacement
and stress variables. Thus, the first models exceeded the available computer storage
of the powerful workstations at the Institute of Mechanical Systems. The four
optimization steps regarding computer storage and computation time were:

• Using the symmetries of the wave propagation problem: reducing algebraic
operation and computer storage to one fourth.

• Reducing global variables to unew and uactual instead of unew, uactual, uold
and all stress components σ. The stress components were only calculated
sectionwise.

• Reducing the computer storage to one half by single-precision format of the
variables.

• Using the 64bit workstations.

Figure 4.2: For symmetric excitation at the point (ra, ϕe, lz/2) only one forth of
the model is necessary to calculate the wave propagation phenomena; the symmetry
planes are z = lz/2 and ϕ = ϕe(+π).

Fig. 4.2 depicts the symmetric problem of the excitation of the trunk. Reducing
the model implies the implementation of symmetry conditions. The RZ-symmetry
plane at ϕ = ϕe(+π) divides the tree in a left and a right side. The displacement
components ur and uz are reflected at the RZ-symmetry plane,
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uleftr = urightr ,

uleftz = urightz . (4.7)

The displacement component uϕ vanishes at the RZ-symmetry plane, this results
in,

uleftϕ = −urightϕ . (4.8)

Since in the tangential direction a eight-order finite-difference code is used, not only
the ϕ-derivative of the component σϕϕ on the boundary B1 is affected, but also the
ones of σrϕ, σϕz and uϕ. The calculation of uϕ required a condition for σϕϕ,

σleftϕϕ = σrightϕϕ , (4.9)

which was derived using the Eqs. 4.7 and Eq. 4.8.

The symmetry conditions for the displacement components on boundary B2 are,

uB2
z = 0,

udownr = uupr ,

udownϕ = uupϕ . (4.10)

4.1.4 Modeling Steps

The models were build for all simulations in the same way. The six modeling steps
were:

1. The geometry and the material parameters (elastic moduli and density) were
determined.

2. The excitation signal was chosen and the maximal frequency fmax of the signal
determined.

3. The minimal phase velocity cmin and wave length λmin as well as the maximal
phase velocities cmax were calculated,

cmin,max =

√
(Cij)min,max

%
, (4.11)

with ij = 11, 22, 33, 44, 55, 66, for 3D

and ij = 11, 22, 66 for 2D

λmin =
cqT,min
fmax

. (4.12)
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4. The spatial discretization parameter were determined by

∆r = ∆z =
λmin
sr

, (4.13)

with sr, the spacial sampling rate for the smallest wave length. To avoid
numerical dispersion the wave length had to be sampled more than 20 times.
For the numerical dispersion analysis see Leutenegger [70]. This was ensured
in all simulations for the qL-wave, in the radial and axial direction by Eq.
4.13. In the tangential direction the spatial discretization parameter r∆ϕ is
not constant. It was calculated by Eq. 4.3 and afterwards by a factor between
0.4-0.8 because eight-order central differences were used in this direction.

5. The time step for the integration was defined by the empirical stability criterion
of Chen et al. [66]

∆t ≤ 1

cmax
√

(∆r)−2 + (rmin∆ϕ(r1))−2 + (∆z)−2
. (4.14)

6. The global variables uactual and unew are initialized.

After this model setup the displacement fields were calculated by time step integra-
tion of the discretizised equations.
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4.2 Wavefronts in Wood and Verification of the

Numerical Model

4.2.1 Wavefronts in the RZ-Plane of a Trunk

In Chapter 3 the wavefronts of cartesian orthotropic material with the elastic moduli
of spruce were discussed for plane wave propagation in the symmetry planes (RZ,
ϕZ, ϕR). For verifying the usefulness of such wavefront calculations the results of
Chapter 3 for the RZ-plane are compared in this subsection with the waves propa-
gating in the RZ-plane of the three-dimensional numerical model with cylindrically
orthotropic behavior. The numerical model cannot be validated by the wavefronts
of Chapter 3 because the waves propagating in the trunk model are not plane. For
the numerical model the same material parameters as for the wavefront calculation
in Chapter 3 are used (Spruce No. 1 of Tab. A.1). The numerical model of the trunk
has a outer radius of ra = 15 cm and a height of lz = 70 cm. The trunk model
was excited by applying a normal stress in radial direction at the outer surface.
The excited surface area was 2 mm x 5 mm and located in the middle of the trunk
model length. The signal was a hanning pulse with 3 periods of a sinus and a center
frequency of 50 kHz.

Figure 4.3: The three snapshots depict the absolute normalized displacement am-
plitudes of the propagating waves in the upper, left quarter of the RZ-plane at
t = 0.0634 ms with different amplitude scaling. The relations between the am-
plitude scalings can be derived from the multipliers written above the snapshots.
The yellow lines depict the calculated wavefronts in the RZ-plane in Fig. 3.4. The
discretization parameter for this simulation were ∆r = ∆z = 0.68 mm, 344 and
688 cells in tangential direction of the two rings and ∆t = 6.5·10−8 ms.
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The described numerical simulation of the wave propagation in a trunk approximates
well the situation in measurement on trunks.

The three snapshots in Fig. 4.3 depict the absolute displacement amplitudes in
the RZ-plane where the trunk model is excited. The three snapshots are taken at
t=0.0634 ms, they depict the same displacement amplitudes with different scaling.
The yellow lines depict the analytically calculated wavefronts in the RZ-plane of
Fig. 3.4. It can be seen that the numerically simulated qL-wavefront and the qT-
wavefront are similar to the wavefronts calculated for the RZ-plane of the cartesian
orthotropic material. Thus, the fronts of waves propagating in the RZ-plane in which
the trunk is excited can be qualitatively estimated by the calculation described in
Chapter 3. Furthermore, Fig. 4.3 visualizes the interference of the wave packets of
the qL-wave and the qT-wave. The particle movement of the T-wave is ϕ-direction.
The displacements in ϕ-direction vanishes in the depicted RZ-plane, because it is
the symmetry plane.

4.2.2 Wavefronts in the Rϕ-Plane of a Trunk

In order to visualize the propagating waves in the Rϕ-plane of a trunk without the
influence from boundaries, a numerical model with an outer radius of ra = 4 m was
excited in a distance of 1 m to the origin. The excitation signal was a Hanning
pulse with 3 periods and a center frequency of 16 kHz. The excitation was applied
by stress in radial direction. The two-dimensional simulation model had a cylin-
drical orthotropic behavior with the material parameters ”Payton” summarized in
Tab. A.2.

Figure 4.4: Comparison of the numerically simulated wave propagation in oak and
the wavefronts that were analytically derived by Payton [30] (black lines). The
excitation point is in 1 m distance from the center of the cylindrical coordinate
system. The snapshots are shown for t = 1/cqL,R (left) and t = 1/cqT,RT (right).
The discretization parameters for this simulation were ∆r = 2.2 mm, 24 - 6144 cells
in tangential direction (9 sections), a inner radius of 1 mm and ∆t = 1.3·10−4 ms.
Density and elastic moduli are summarized in Tab. A.2.

In Fig. 4.4 the wavefronts, which were analytically derived by Payton [30], are com-
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pared with two snapshots of the previously described numerical simulation to verify
the numerical model. Payton calculated the wavefronts for the two-dimensional
plain-strain problem. The snapshots depict the simulation at time t=1/cqL,R (left)
and t=1/cqT,RT (right), when the qL- and the qT-wave reach the center. The wave-
front shapes of Payton (black lines) and the numerical simulation agreed very well
with each other. On the right side of Fig. 4.4, it can be seen that the qL-wave when
reaching the origin was partly reflected as well as converted to a qT-wave. This
mode-conversion is only observed in the simulation.

4.2.3 Dispersion Curves of a CFRP-Tube

The three-dimensional numerical model was verified for the Z-direction by comparing
dispersion curves that were analytically derived with dispersion curves derived from
a numerical experiment. For the numerical experiment an anisotropic tube of 5 mm
wall thickness, an inner radius of 12.5 mm and having a length of 2.4 m was excited
radially in a symmetric manner by a linear sweep from 50-150 kHz overlapped with
a Hanning window at 1.2 m of the tube. This excitation was applied by stresses
(σrr, σrϕ, σrz) to the whole circumference of the tube surface. As an example of
an anisotropic material a carbon fiber reinforced polymer (CFRP) was chosen. Its
material parameters are summarized in Tab. A.2. The total displacement of the
outer tube surface in the region without reflections was used as the input data for
the signal processing. The signal processing algorithm as well as the code for the
analytical calculation from Gsell [69] were used to calculate the dispersion curves.
Fig. 4.5 depicts the analytically derived dispersion curves and the dispersion curves
of the numerical experiment for the axialsymmetrical modes the CFRP tube, which
was chosen as an example of anisotropic material. The curves (1) and (2) depict
the first torsional and the breathing mode, respectively. The dispersion curves of
these two modes derived from the numerical experiment agree very well with the
analytically derived ones. The curve (3) depicts the longitudinal mode, which was
not well determined by the numerical experiment, because its wavelength is large as
well as it was not excited strong enough. The curve (4) depicts the second torsional
mode, which was not excited strong enough to achieve a good approximation.

42



4.2. Wavefronts in Wood and Verification of the Numerical Model

Figure 4.5: Dispersion curves for axialsymmetrical modes of a CFRP-tube. The
discretization parameter for this simulation were ∆r = 0.0417 mm, ∆z = 0.0423 mm,
56 cells in tangential direction and ∆t = 2.8·10−5 ms.
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4.3 Examples: Wave Propagation in the Rϕ-Plane

of the Trunk

4.3.1 Isotropic versus Orthotropic Behavior

Comparing wave propagation phenomena in an orthotropic and a fictitious isotropic
trunk highlights the complex behavior in the orthotropic case. The isotropic model
and the orthotropic reference model had a diameter of D=45 cm and a homogeneous
distribution of density and of stiffness. The isotropic material is characterized by its
P- and S-wave velocity cP and cS. The material properties for the isotropic model are
chosen according to the properties of the reference model: cP = cqL,R=1482 m/s and
cS = cqT,RT=250 m/s. The properties of both models are summarized in Tab. 4.1.

Table 4.1: Density and elastic moduli of the anisotropic reference model and the
fictitious isotropic model.

The density % of the reference model was calculated for spruce with dry density
%dr=420 kg/m3 and a moisture content MC=40%. The excitation of the elastic
wave was introduced by normal stress σrr = se(t) applied to a part of the surface
with a width of 1.5 cm. Fig. 4.6 depicts the signal se(t).

Figure 4.6: Excitation signal se(t) (left), its frequency spectrum (middle) and its
first derivative (right).

Fig. 4.7 shows the snapshots of the absolute displacement for 0.22 ms and 0.30 ms
after the excitation began. The three main differences between the propagation
phenomena in the cylindrically orthotropic and the ”isotropic” trunk are:

• The wavefront in the anisotropic model is triangular in front of the center and
circular with radius ra = d/2 when behind it. The isotropic model is always
circular with a radius ra > d/2. This is caused by different wave velocities in
radial and tangential direction.
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Figure 4.7: Comparison of the wave propagation phenomena in isotropic and cylin-
drical anisotropic material; absolute displacements for 0.22 ms and 0.30 ms after
the excitation began; black: small amplitudes; white: large amplitudes. The dis-
cretization parameter for this simulations were ∆r=0.68 mm, 1280 cells in tangential
direction (6 sections) and ∆t=1.3·10−4 ms.

• The qL-wave in the anisotropic case is slower than in the P-wave in the
isotropic model, despite the fact that the phase velocities in the radial di-
rection are equal in both materials. This difference is caused by different
Poisson’s ratios.

• The wave refraction in the center of the anisotropic model is caused by the
unsteady change of the material properties and the free boundary near the
origin.

The first two differences are highlighted in a velocity diagram, which shows the
average velocities vij of the wave traveling from point of excitation i to point of
measurement j. Fig. 4.9 shows the location of the measurement points, which is
defined by the angle α. The velocities were calculated by vij = dij/tij with dij being
the direct distance and tij representing the traveltime between the excitation point i
and the ”measurement points” j. (In this section, the summation convention is not
applied.) These traveltimes correspond to the arrival of the qL-wave. To determine
the traveltimes of the qL-wave, the first-break onsets of the synthetic data were
picked by means of the Akaike Information Criteria (AIC) (Zhang et al. [72])

AIC(s̃c(tm)) = m log(var(s̃c[1,m])) + (N −m− 1) log(var(s̃c[m+ 1, N ])), (4.15)

where s̃c(t) being the synthetic signal sc(t) plus a small noise signal. N is the length
of s̃c(t) and tm the time at step m. The variance var(s̃c[a, b]) is calculated by

var(s̃c[a, b]) =
1

b− a

b∑
k=a

(s̃c(tk)− s̃c)2, (4.16)

with s̃c, the mean value of s̃c(t). The onset of the qL-wave is defined by the first
minimum of the AIC criteria AIC(s̃c(t)). Fig. 4.10 depicts on the left side the
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Figure 4.8: The first-break onset determined by the first minimum of the AIC criteria
results in the traveltime tij.

Figure 4.9: The angle α defines the position of the measurement points on the
surface

average velocities of the reference and the isotropic model. The ratio between
the elastic moduli C22/C11 of the reference model is 0.5. This ratio is a degree
for the anisotropy, since the ratio is 1 for isotropic material. The influence of this
ratio on the velocity curves is shown in Fig. 4.10 (right). For the calculation of the
models C22/C11 =0.9 and C22/C11=0.3 a sinusoidal excitation of 20 kHz was used.
The elastic moduli C11, C66 und C12 are equal to the reference model. Analog to
the elastic moduli, the phase velocities of the qL-wave traveling in the tangential
direction veried: cqL,ϕ=180% crefqL,ϕ (C22/C11 =0.9) and cqL,ϕ=60% crefqL,ϕ (C22/C11

=0.3) varied. This change of the phase velocities in tangential direction cqL,ϕ results
in changing average velocities in the region of −90◦ ≤ α ≤ −30◦ and 30◦ ≤ α ≤ 90◦.

4.3.2 Inner Decay and Variability

In contrast to the measurements on stems, modeling wave propagation provides the
opportunity to study separately the influence of three features: (1) heterogeneous
distribution of density, (2) different moisture distributions and (3) inner wood-decay.
In this subsection, these features are compared by the velocity diagrams v̄(α) and
the influence of inner decay on the wave propagation phenomena is visualized.

The geometry and the basic material parameters are equal to the orthotropic ref-
erence model of Subsection 4.3.1. The influence of inner wood-decay is studied for
two different sizes of decayed regions (5% and 11% of the total area of the trunk
cross-section) and for two different degrees of decay: (1) total degradation of the
wood (cavity), (2) stiffness decreased by 50% and density decreased by 12%, i.e.
qL-wave velocity decreased by 25%. These values were chosen according to exper-
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Figure 4.10: Average velocities for the arrival of the qL-wave on the surface; compar-
ison between isotropic and anisotropic model (left), varying ratios C22/C11 (right)

iments with laboratory decayed wood (Schubert et al. [55], see also Appendix B).
The specimens (Norway spruce) showed after 8 weeks of inoculation with Ganoderma
lipsiense a maximal decrease of 50% in its stiffness, when the density decreased by
12%. Tab. 4.2 summarizes the parameters of the decayed areas for the four models,
where rD stands for the radius of the decayed region. The surrounding sound wood
were the same as in the reference model.

Table 4.2: Geometry and material properties for the decayed areas of models 1 to 4

Fig. 4.11 depcits the propagation phenomena of model 1 and 4. It can be seen that
the wavefront shape changes for the model with cavity but not for the model with
reduced elastic moduli. In both models, the qL-wave is reflected at the boundary
between the sound and the decayed area. The wavefront shapes of models with
cavities result in a change of the velocity curve in Fig. 4.12 (◦). Decayed models
with a stiffness decayed by 50% (•) showed no change in the form of the velocity
curves but they did result in lower values. In the following discussions the shapes
of the velocity curves of the reference model and of the hollow models are named
v-shaped and w-shaped. As expected, the velocity decreases with the increase of
the area of inner wood-decay as well as the degree of inner decay.

A brief overview of the variability of wood was provided in Chapter 2.3.1. One of the
features of variability was studied by numerical modeling of the change in elastic
moduli and in density due to the increasing maturity of the wood with distance
from the pith. Since the distribution of elastic moduli and density in trunks is not
exactly known, this numerical case study modeled three regions of different qL-wave
velocities, see Fig. 4.13. In the models 5 to 7, the different densities represented

47



Chapter 4. Numerical Modeling

Figure 4.11: Comparison of the wave propagation phenomena in the reference model
and two of the decayed models: cavity in 5% of the total cross-section and medium
degree of fungal decay of 11%; absolute displacements for 0.22 ms and 0.30 ms after
the excitation started; black: small amplitudes; white: large amplitudes.

the difference in wave velocities. Model 5 had the same average density %̄ as the
reference density %ref and model 6 had 0.75%ref . Additionally, the influence of the
moisture content (MC) was studied with model 7, in which for the sapwood a MC
of 145% and for the heartwood a MC of 46% was assumed. The corresponding
densities are calculated on base of a dry density of %dr = 420kg/m3.

Fig. 4.14 depicts the velocity diagrams. The shape of the velocity curves of the
models 5 and 6 are similar to the curve of the reference model. It can be observed
that with a higher average wave velocity the wave is faster. The low wave velocity
in the sapwood of model 7 resulted in change of the characteristic shape. This shape
is not similar to the shape of a velocity curve of a hollow trunk.

4.3.3 Summary

The snapshots visualized the complex phenomena of propagating waves in a cylin-
drically orthotropic material. The wavefront shapes of the propagating qL-wave
differed for sound, decayed and hollow trunks.

The velocity diagrams v̄(α) provide a simple possibility for comparing results of
different simulation models. The velocity curves of the decayed trunks, for which
the qL-wave velocity was reduced by 25%, had a similar nature as the velocity curve
of the sound trunk: a v-shape. The two hollow models showed a w-shaped velocity
curve. Models with radially changing qL-wave velocities had the same v-shape as the
reference model. Varying anisotropy factors changed the shape of the velocity curve
between −90◦ ≤ α ≤ −30◦ and 30◦ ≤ α ≤ 90◦. But both the radially changing qL-
wave velocity and the varying anisotropy factors did not show a w-shaped velocity
curve. No qualitative change in the velocity curve between the reference model and
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Figure 4.12: Average velocities for the arrival of the qL-wave on the surface; com-
parison between reference model and model 1 to 4.

Figure 4.13: Density and velocity distribution for model 5 to 7 in comparison to the
reference model.

the medium decayed models (3 and 4) was observed. The quantitative changes can
be summarized by the following observation: average velocities decreased with the
increasing area of inner decay as with the increasing degree of inner wood-decay.
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Figure 4.14: Average velocities for the arrival of the qL-wave on the surface; com-
parison between reference and model 5 and 6 (left), reference and model 7 (right)
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Chapter 5

Experiments and Results

Few studies (Gilbert and Smiley [24], Rabe et al. [25], Velux-report [34], Haaben [73])
have evaluated acousto-ultrasound assessment tools for trees by analyzing their reli-
ability for specific examples. A statistical assessment of the reliability of this method
is, therefore, still required. Before a statistical analysis can take place, the verifica-
tion of the assumptions underlying acousto-ultrasound assessment is required. The
two assumptions that are made for the traveltime inversion are: (1) the investi-
gated system (trunk and coupling with the measurement setup) is linear and (2)
the observed traveltimes for decayed trunks and trunks with common variability
features (for example a non-centric pith, reaction wood and branches) are not of a
similar nature. Since linear systems fulfill the principles of scaling, superposition
and reciprocity, the first question to be answered in this chapter after describing the
experimental setup is:

• Does the investigated system fulfill the principles of scaling, superposition and
reciprocity?

The velocity curves and accordingly their equivalents the computed traveltimes of
sound, hollow and decayed trunk models were studied in Chapter 4.3. The computed
velocity curves were v-shaped for the sound and the decayed trunk models and
w-shaped for the hollow trunk models. Whether shapes of a similar nature can
be observed for sound and hollow stems experimentally is verified in Section 5.3.
Additionally, it will be investigated

• Whether non-centric pith and reaction wood lead to traveltime results of a
similar nature than the ones for hollow trunks.

At the end of this Chapter, the propagating waves on a wooden disk and an encor-
ticate stem are visualized and the experimental results are summarized.

5.1 Experimental Setups

The softwood stems (7 spruce and 2 pine) used for the experiments had been cut
in the forest and afterwards they were stored in a climate-room with a temperature
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of 20◦C and a humidity of 95 %. They were sealed with paraffin wax on the front
face to avoid dehydrating the wood. The experiments were carried out in room
climate. The three experimental setups that were used in this thesis followed the
same procedure:

1. A hole of 1.5 cm depth is drilled radially into the stem.

2. The transducer is screwed into this hole exciting the stem.

3. For the excitation a sinusoidal signal multiplied by a Hanning window is gen-
erated by LabVIEWr and transmitted via a GPIB interface to a function
generator.

4. The signal is amplified and used to drive the transducer.

5. The surface displacements, velocities or accelerations of the stem are measured
perpendicular to the surface using a sensor or a heterodyne laser interferome-
ter.

6. The signal is digitized and filtered.

First, the Ultrasound Assessment Device (”Ultraschall Bewertung Holz” or USH)
is described and the reasons for the lab experiments are discussed. Second, the lab
setups for single point and scan measurements are described.

5.1.1 Ultrasound Assessment Device for Field-Use (USH)

The Ultrasound Assessment Device (USH) was developed by the Fraunhofer Insti-
tute for Nondestructive Testing (IZFP Saarbrücken, Dresden branch) for the Wood-
physics Research Group of the Institute of Building Materials (ETH Zürich). It
consists of:

• A computer with a LabVIEWr-program developed for the ultrasonic mea-
surements on trunks.

• An ultrasound module that provides the power for the actuator and sensor.

• An actuator and a sensor.

• An A/D converter.

To connect the actuator and sensor to the trunk, holes of 10 mm diameter and
15 mm depth are drilled into the trunk. Actuator and Sensor are stuck into the
hole and the connection between the trunk and the actuator is improved by the
thread head of the actuator. The USH-setup can be found in the specification of
the device (Velux-report [34], Appendix B). In this chapter, a few aspects resulting
in the design of lab experiments are described. On the basis of the slowness and
the wave surface in Chapter 3, it was concluded that the energy flow of the qL-wave
in the RZ-plane tends to go in the fiber direction even for small angles between the
wave vector and the radial or the tangential axis. This leads to a higher amplitude
attenuation due to geometrical spreading than in isotropic or weakly anisotropic
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Figure 5.1: Actuator (left) and sensor (right) of the Ultrasound Assessment Device
USH.

Figure 5.2: Excitation signal for the evaluation of the actuator, from Appendix B
in the Velux-report [34].

material. In experiments, the signal amplitude is additionally attenuated by the
material damping, which is higher in wood (for example softwood, logarithmic decre-
ment Λ=0.045 [74]) than in most metals (for example steel, Λ=0.005; aluminium,
Λ=0.015 [74]), but similar to building construction materials (for example concrete,
Λ=0.025-0.045; glas fiber reinforced polymers, Λ=0.040 [74]). Because of these two
aspects a powerful actuator for exciting the trunk was required. Most commercially
available devices use a impulse hammer, which results in an excitation with a large
bandwidth in the low frequency range (<5 kHz). In contrast, USH was designed for
investigations with a narrow bandwidth excitation in the range of 10-50 kHz. The
Fraunhofer Institute developed an actuator consisting of a piezo stack and a power
amplifier which are inside a steel housing. This housing is joined with a conical part

Figure 5.3: Frequency spectrum of the actuator’s response, from Appendix B in the
Velux-report [34].
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and a free screw thread (Fig. 5.1). Fig. 5.2 depicts the excitation signal used by the
Fraunhofer Institute for the evaluation of the actuator. The actuator was fixed on
a support and the response of the actuator was measured on the screw thread by a
laser interferometer. The frequency spectrum of the actuator’s response is shown in
Fig. 5.3. The first resonance frequencies (12 kHz, 19 kHz, etc.) lie between 5-50 kHz,
which is the frequency range for which the actuator was designed. Hence, the exci-
tation signal is distorted by the actuator and the best performance of the actuator
is expected at its resonance frequencies. Since the sensor is constructed in a similar
manner and has a similar weight (0.77 kg) as the actuator (1.25 kg), it was assumed
that interactions between displacement of the trunk and sensor movement occur.
This was tested for the progress report of the Velux-project [75] by comparing the
measured signal of sensor and laser interferometer on a hollow trunk. The sensor
signal showed large harmonic oscillations, while the signal measured by the laser
interferometer showed the arrival of the qL-wave followed by a small noise signal
(see Appendix C, Fig. C.7). Since the actuator distorted the excitation signal and
the sensor the measurement signal, the USH was unsuitable for investigating the
reciprocity of the measured signals and for comparing these signals with synthetic
ones. Accordingly, the lab setups described in the next subsection were developed.

5.1.2 Lab Experiments

The lab experiments were carried out at the Institute of Mechanical Systems (ETH
Zürich). Velocities and displacements were measured contactless by the laser inter-
ferometer (point measurements) or the scanning vibrometer (scan measurements).
The setups for point and scan measurements are described after the excitation
source.

Excitation

The excitation source for the lab experiments were two commercial piezo stacks of
Physik Intstrumente (PI P-010.20 and PI P-016.10). Fig. 5.4 depicts on the left side
the piezo stack system I consisting of a the piezo stack PI P-010.20, which was glued
on a steel cylinder with an inside thread, and a double thread screw (WS 5/M 5).
The steel cylinder was screwed on the double thread screw and braced with the screw
nut to ensure a stiff coupling. Fig. 5.4 depicts on the right side system II consisting of
the piezo stack PI P-016.10 glued on the wood screw (WS 6). This system was used
for the experiments for visualising the wave propagation. The excitation sources
(system I and II) were designed for the use of narrow band signals in the frequency
range of 5-15 kHz and 5-35 kHz, respectively. Hence, the resonance frequency of
the systems had to be higher than the excitation frequency. To derive the Power
Density Spectra of the piezo stacks, they were excited by a noise signal with a flat
frequency spectrum between 1-100 kHz. The velocity of the back of the piezo stack
was measured by a heterodyne laser interferometer (Polytech OFV3001). The Power
Density Spectrum (PDS) was derived by a method described by Welch [76], which
is basically a fourier transform of short parts of the signal averaged in the frequency
domain. Fig. 5.5 depicts on the left side the PDS for PI P-016.10 in three different
states: (1) the piezo stack alone, (2) the piezo stack glued on the WS 6 screw and
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(3) the piezo stack system II after it had been screwed into the trunk. The difference
between the free system and the system screwed into the trunk is small, because
of the low stiffness of the wood. The resonance frequency of the system II is 13%
lower than the piezo stack alone. Fig. 5.5 depicts on the right side the PDS for
PI P-010.20 the piezo stack alone and the piezo stack system I after it had been
screwed into the trunk. The piezo stack systems I and II generated signals with a
low frequency shift but without a resonance vibration for excitation frequencies of
up to 15 kHz and 35 kHz (see Fig. 5.6).

Figure 5.4: Piezo stack PI P-010.20 on a steel cylinder (left), double thread screw
(WS 5/M 5) with nut and wood screw (WS 6), piezo stack PI P-016.10 (right).

Figure 5.5: Power Density Spectra of the piezo stacks PI P-016.10 (left, blue) and
PI P-010.20 (right, blue) and system II (left, red) and system I (right, red) that are
used in the experiments. The PDSs are normalized by the amplitude of the first
resonance frequency.

After the first experiments, it was observed that all measured signals contained
the excitation signal, for example the signal with the solid line in Fig. 5.7. This
phenomenon was investigated by exciting the trunk and measuring the displacements
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Figure 5.6: The typical excitation signal measured on the back of the piezo stack PI
P-010.20 (system I). The frequency of the generated puls (15 kHz) drifted to 15.5
kHz.

on an unexcited steel block in front of the trunk (dashed line). This experiment was
repeated for different distances between the laser electronic and the amplifier as well
as for the same setup but this time using a disconnected piezo stack. The amplitude
decreased with the increase in the distance and no excitation signal was measured
on the steel block when the piezo stack was disconnected. It was concluded that the
power electronic of the amplifier interfered with the laser electronic. Because of the
limited space, no setup was found without this interference. In the figures and the
signal processing, this interference was either subtracted or cut from the signal.

Figure 5.7: Interference between amplifier and laser electronic; signal measured on
the tree (solid line) and on an unexcited steel block (dashed line).

Setup: Point Measurements

Fig. 5.8 depicts the experimental setup and the procedure of the point measurements:

The sinusoidal signal (15 kHz or 35 kHz ) multiplied by a Hanning window (Fig. 5.6)
was generated by a LabVIEWr-program and transmitted via the GPIB interface to
the function generator (Stanford Research DS345). The analog signal was amplified
(Krohn-Hite 750) to supply one of the piezo stacks (PI P-010.20 or PI P-016.10),
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Figure 5.8: Experimental setup for point measurements.

which were connected to the trunk by a screw. The measurement points were
on the surface of ecorticate trunks or for trunks with bark on the double thread
screws. In both cases, retroreflective tape enhanced the necessary reflection. The
velocities of the points were measured by a heterodyne laser interferometer (Polytech
OFV3001). According to Dual et.al. [77], the resolution in the frequency range below
100 kHz was enhanced by measuring the displacements by a combination of the laser
interferometer and the demodulator (MH PD4). The measured signals were filtered
analog (Krohn-Hite 3988) and digitized by an A/D converter (NI 5911) with 1 MHz
sampling rate and an effective vertical resolution of 17.5 bit. A Labview program
averaged the signals (min. 300 sweeps). During the signal processing, the measured
signals were digitally filtered (bandpass: excitation center frequency ± 5 kHz). All
signal processing was carried out with MATLABr and is described in the results.

Setup: Scan Measurements

The scan measurements were used to measure the surface displacements of an decor-
ticated stem. For this measurement the stem was in a fixed position.

The software package of the Scanning Vibrometer (Polytec PSV-400) of the Insti-
tute of Mechanical Systems provides only the frequency spectra for modal analysis
and not the digitized time signals. The time signals are necessary for wave propa-
gation measurements. Thus, a setup was developed that made it possible to use the
scanning head and the analog time signals of the vibrometer. Fig. 5.9 depicts this
setup and the following procedure:

The scan of the vibrometer and afterwards the LabVIEWr program was started.
The movement of the scanning head was triggered via the GPIB interface and the HP
function generator. The generated excitation signal was transmitted and amplified
as described in the point measurements. The velocity time signals of the scan points
were measured by the laser interferometer of the vibrometer and filtered (0.5-50 kHz,
Krohn-Hite 3988). The signals were digitized by an A/D converter (NI 5911) and a
Labview program averaged the signals.

This setup requires the initial settings of the HP function generator (single burst
mode) and the A/D converter of the scanning vibrometer (decreasing trigger, 1
measurement, no remeasuring). Before starting the scan the measurement points
were defined as in the modal analysis mode. Since the net of scan points was irreg-
ular, it was necessary to write down manually the sequence of the measurements.
This sequence was required for the allocation of the measured signals to the scan
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points. The scan points had to be allocated manually to their coordinates, because
the exported coordinates are neither numbered according to the sequence of mea-
surements nor to the sequence of definition. After the scan, the coordinates of the
measurement points were exported.

Figure 5.9: Experimental setup for wave propagation measurements with the Scan-
ning Vibrometer (Polytec PSV-400).
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5.2 Investigation of Observed Waveforms

Fig. 5.11 provides an overview of the seven spruce and two pine stems that were
investigated. Stem B, C and D were used for various experiments. The experiments
are described in a more detailed manner in the next two sections. In this section
the scaling and superposition experiment is made on Stem A and the reciprocity
experiment on Stem B and C. The signals or waveforms observed on ”similar” points
of Stem B will be compared to each other and the waveforms observed on the
encorticate Stem D will be compared to computed waveforms.

5.2.1 Scaling and Superposition

Fig. 5.10 depicts the configurations of (a) the scaling and (b) the superposition ex-
periment. The displacements were measured in every case with the heterodyne laser
interferometer. The source was always in the piezo stack system I. For the scaling,
the stem was excited at the black arrowhead with a maximal signal amplitude of
2.4 V and 4.8 V and the displacements were measured at the red arrowhead. The
reference signal is the measurement signal of the 4.8 V-excitation. The scaled signal
is the measurement signal of the 2.4 V excitation multiplied by 2. For the superpo-
sition, the stem was excited first on the opposite point, second at the sidewise point
and third on both points. The reference signal was measured during the excitation
on both points (case 3) and the superposed signal is the superposition of the signals
measured during the excitation either on the opposite point (case 1) or on the side-
wise point (case 2). The results in Fig. 5.12 depict a good agreement between the

Figure 5.10: Configurations of the two measurements: (a) scaling, excitation at the
black and displacement measurement at the red arrowhead and (b) superposition,
measurement at the red arrowhead and excitation first on the opposite point, second
at the sidewise point and third on both points.

reference and scaled as well as superposed signals. The amplitudes for the first five
peaks varied for the scaling experiment 0-5% and for superposition experiment up
to 10%. The traveltimes varied 0.3% for the scaling and 0.4% for the superposition
experiment.
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Figure 5.11: Overview of material and experiments.

5.2.2 Reciprocity of the Measurement

Reciprocity principle

The reciprocity principle for static displacement was proved by Betti and extended
to elastodynamic fields by Rayleigh [78]. Graffi [79] derived the reciprocity theorem
for isotropic, homogeneous, perfectly elastic solid. Knophoff et al. [80] extended
it to inhomogeneous elastic anisotropic media and De Hoop [81] generalized it to
viscoelastic anisotropic media (in the time domain). Hence, the reciprocity prin-
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Figure 5.12: Scaled and superposed signal, Stem A.

ciple is valid for the trunk, if the wood can be described as viscoelastic and has
no other non-linearity features. The damping behavior of wood was described in
Chapter 3 and three examples of possible material damping mechanisms were listed.
Viscoelastic behavior is a suitable model for the first mechanism, the intermolecular
friction. The source-receiver configuration for the reciprocity measurement was cho-
sen in accordance with Arntsen and Carcione [82] who provide various stress-velocity
configurations that allow for the verification of the reciprocal principle, for example
a, b and c in Fig. 5.13. Fig. 5.14 depicts the three possible 2D-configurations for
measurements on trunks. Where 1 refers to a, 2 to b and c and 3 to the superposition
of a and b.

Figure 5.13: 2D-reciprocal experiments from Arntsen and Carcione [82] with body
forces g and velocities v.

These measurement configurations were performed by using a screw with a twin
tread (piezo stack system I). At the source and receiver position, such a screw
was drilled into the trunk. The piezo stack was interchanged without varying the
coupling between the screw and the trunk. The laser interferometer and the de-
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modulator were the receiver and measured the displacements on the screw heads.
Since the dimensions of the source are much smaller than the wave length of the
propagated wave, the source is more similar to an unpolarized than to a focused
source. The reciprocity principle is valid for unpolarized sources because it is a
superposition of the experiments shown in Fig. 5.13.

Figure 5.14: Some of the possible configurations for reciprocity experiments on
trunks.

Experiments and Results

For the experiments, the point measurement setup with the piezo stack system I
was used. At point 1, 19 and 13 of stem B (Fig. 5.15) holes of 3.5 mm diameter and
1.5 cm depth were drilled into the wood and double thread screws with nuts were
screwed into the holes. The cylinder, on which the piezo stack had been glued, was
braced with the nut. The source and receiver positions were interchanged between
1-19 and 1-13 without varying the coupling between the screw and the trunk. The
directions of excitation and measurement were as far as possible radial. Fig. 5.16

Figure 5.15: Stem B (left) and Stem C (right) with excitation measurement points;
the yellow lines depict the angles for specifying the relative location between actual
excitation and measurement point.

depicts a good correlation between the waveforms of the forward (1-19 and 1-13) and
the backward (19-1 and 13-1) experiments, especially for the first part of the signal,
the qL-wave arrival. The difference in the peak amplitudes increased within the first
five peaks and the maximal differences were 9 % and 12 % for the interchange with
point 19 and point 13. The differences in the traveltimes were 0.6% and 0.5% for
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the interchanges with point 19 and point 13. This experiment was repeated with
stem C (Fig. 5.15), where source and receiver positions were interchanged between
1-16 and 1-11. The waveforms in Fig. 5.17 still show a good correlation but the
maximal peak difference increased for the interchange between point 16 and point
11 to 15 % and 21 %. The differences in the traveltimes were 0.8% and 0.4% for the
interchanges with point 16 and point 11. The reciprocity principle was also verified
for the usage of the USH-System. The traveltimes of the reciprocal measurements
on a stem of the Velux-report [34] (Chapter 3.4.5) were compared. They showed
differences of 1-2% in the traveltimes. The reason for this larger variation of the
traveltimes measured by USH-System compared to the ones measured by the lab
setup is probably the change in the coupling between source and stem as well as
receiver and stem.

Figure 5.16: Reciprocal signals for the pairs 1-19 (left) and 1-13 (right), Stem B.

Figure 5.17: Reciprocal signals for the pairs 1-16 (left) and 1-11 (right), Stem C.
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5.2.3 Waveforms Observed of Similar Points

The variability of Stem B is estimated by comparing the waveforms observed on
”similar” points. Similar points refer to points, for which the waveforms are identical,
if the stem would have a cylindrical cross section, a cylindrical anisotropy and a
homogeneous material parameter distribution. The stem B was excited at point 1
in a altitude of 30 cm and the signals were measured on the ±45◦-points (7 and 19)
and the ±7◦-points (12 and 14) of this altitude. Analogously, the stem was excited
at point 1 in a altitude of 40 cm and the signals were measured on ±45◦ and ±7◦-
points at the altitude 40 cm. Fig. 5.18 depicts a good agreement for the first two
cycles of all signals at the ±45◦-points . The large differences in the black signal of
the 7◦-point visualize the influence of the variability of the wood on waveform and
amplitude. Nevertheless the traveltimes varied at a maximum 3%.

5.2.4 Comparison between Observed and Computed Wave-
forms

The experiments for validating the scaling, the superposition and the reciprocity
principle showed that the first-break onsets and the peak locations of the first two
cycles agreed well for the corresponding measurements but that amplitudes varied
up to 20%. Additionally, the measurements on similar points showed the great dif-
ferences in waveform after the first three cycles. Hence, the comparison between the
observed and computed waveforms will be a qualitative comparison not a validation
of the simulation model.

The spruce Stem D (Fig. 5.30, left) was excited by the piezo stack (PI P-010.20),
which was glued on a screw. Fig. 5.19 depicts the displacements of the ecorticate
stem on different locations. The displacements were measured on the surface by the
laser interferometer, while retroreflective tape enhanced the reflectivity. Observed
and computed signals were normalized by the maximum value of the qL-waveform
at the 82◦-measurement point of the stem and the model, respectively. In the
vicinity of this point at 74◦, the first cycles of the computed signal agreed very
well with one of the measurements. At the 40◦- and 24◦-points, the amplitudes of
the synthetic signal did not correlate with the measurements. As it was shown in
Fig. 4.7, the high amplitudes of the computed signal result from the interference
of the incident and the reflected wave. The interference in the stem is probably
not as well developed as in the model because of heterogeneities and the irregular
boundary. This might be one reason for the large differences in the signals. Another
reason might be that the excitation source in the measurement is more focused in
the radial direction than the simulation model is. For the 7◦-point, which is nearly
opposite the excitation, the first-break of the synthetic signal is nearly one cycle
behind the measured signal. But the maximum amplitude values of the first cycles
are in the same range. This comparison is not a validation of the model but the
similarities of the normalized amplitudes of computed and observed waveforms point
out the predominant influence of the geometrical spreading compared to the one of
material damping.
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Figure 5.18: Signals on four similar points of ±45◦ (left) and ±7◦ (right) at the
height of 30 cm and 40 cm, Stem B.

Figure 5.19: Measured and synthetic signals for Stem D. The excitation in the
numerical simulation was a Hanning puls with 5 periods and a center frequency of
15 kHz. The discretization parameter were ∆r=∆z=0.67 mm, 512 cells in tangential
direction of the outer of 6 sections and ∆t=8.89·10−5 ms. Density and elastic moduli
are summarized in Tab. A.2 under ”Stem D”.
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5.3 Velocity Curves of Sound and Decayed Stems

5.3.1 Measurement Procedure and Signal Processing

Traveltime tomography is frequently used in geophysics for estimating phase veloc-
ity distributions of the Earth, for example in borehole tomography. In borehole
tomography the sources and receivers are located in two boreholes, which lie in one
plane. The procedure of the experiment consists of exciting on I different source
locations, one after the other, and measuring each time on J receivers. The same
procedure is used for most of the experiments in this chapter. As shown in Fig. 4.9,
the J locations of the measurement points lie in the circumferential direction and
the source is at the i-th of these locations. The relative position between the i-th
source and the j-th receiver is determined by the angle α. The signals sij(t) are
measured for all receiver locations j > i (the first index stands for the location
of the source and the second for the receiver location). For j < i the reciprocity
principle is applied and the traveltimes of j-i are set to the traveltimes of i-j. The
experiments in this chapter are either carried out with the piezo stack system I at
a excitation frequency of 15 kHz or with the USH-system.

The signal processing of the following experiments for determining the traveltimes
and the average velocities was divided in three steps:

1. All measured signals were digitally bandpass filtered (excitation center fre-
quency ± 5 kHz).

2. The part wij(t) of the signal sij(t), which contained the onset, was chosen
manually. The first-break onsets were determined by a picker based on the
AIC of Eq. 4.15 with wij(t) instead of s̃ij(t).

3. The average velocity was calculated as described in Chapter 4.3.1 for the
numerically simulated data.

These average velocities which construct the velocity diagram, which was used in
Chapter 4.3.1, visualize in this section the comparison between observed traveltimes
as well as the comparison between observed and computed traveltimes. The trav-
eltimes are the input data for traveltime tomography, which is described later in
Chapter 6.2.

5.3.2 Results

Sound, Hollow and Decayed Stems

The relations between inner wood-decay and the mechanical properties were de-
scribed in Chapter 2.3.2. In general, inner wood-decay changes the density and
the stiffness of the wood. Thus, the wave propagation velocities of decayed wood
differs from the velocities of undecayed wood, if the changes in the density and
the elastic moduli are not proportional. The influence of inner wood-decay on the
propagating waves in trunks was studied in Chapter 4. Two states of inner decay
were modeled, the late state by a cavity and the medium state by a 25% reduced
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qL-wave velocity. These simulated resulting velocity diagrams for the decayed and
hollow trunk models showed that the shape of the velocity curve changes only for the
trunks with cavities that were w-shaped. The velocity diagrams of the undecayed
and the medium decayed trunks were v-shaped. The experiments were designed for
verifying this change in the velocity curve. In the next chapters the terms sound
stem and sound trunk model are used instead of undecayed stem without cavity and
reference model. The measurements on Stem B and Stem E provided the possibility
of measuring the sound stems before the holes were inserted. The measurements
were repeated after holes of d=10 cm had been drilled into the stems. Additionally,
the velocity curve of a Stem F with inner wood-decay was determined.

Figure 5.20: Velocity curves of the sound and the hollow stem B for the source 1,
7, 13 and 19 in comparison to computed velocity curves of a sound and a hollow
model.

Stem B (see Fig. 5.15) was excited consecutively on all 24 measurement points by
using the piezo-stack system I. The displacements were measured on the double
thread screws by the laser interferometer and the demodulator. The excitation
was a sinus signal with a frequency of 15 kHz multiplied by a Hanning window
(5 cycles). This excitation signal was chosen for all experiments with the piezo-
stack system I. Excitation signals with frequencies > 16 kHz were distorted by the
transfer behavior of piezo-stack system I and thus the used excitation frequency
was below 16 kHz. The 5 cycles of the signal ensured the narrow bandwidth of
the signal. Fig. 5.20 depicts the average velocities v versus the angle α between
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Figure 5.21: Velocity curves of the sound and the hollow stem E for the source 7
(left); Stem E (right).

sources 1, 7, 13 and 19 and the corresponding measurement points for stem B. For
source 1 and 13 the velocity decreased 36% for the measurement point at 0◦. The
experimental results were compared with the computed velocities for a sound stem
and a stem with a centered, cylindrical hole of d=10cm. The computed waveforms
were calculated by a 2D numerical model using the parameters ”Stem B” in Tab. A.2.
The discretization parameters for the sound model were ∆r=3.4 mm, 192 cells in
tangential direction of the outer of 4 sections as well as ∆t=5.34·10−5 ms. For the
hollow model the parameters were ∆r=3.2 mm, 144 cells in tangential direction
of the outer of 2 sections as well as ∆t=1.80·10−3 ms. The ∆t is constrained by
the stability criterium and the large differences of the ∆t’s of the sound and the
hollow simulation model result from the differing minimal cell edge ∆ϕ·r that is a
parameter of the stability criterium. The velocity curve of the sound stem and the
sound simulation model correlate well with each other. The hole in stem B is not
in the center of the cross-section and thus the velocity curves of the stem and the
model are only for particular source locations of similar nature. One of these source
locations is point 13, which is on the axis between the pith and the center of the
cavity. For all other sources, it was expected that the average velocities for rays
intersecting with the hole are considerably lower than in the experiment done before
drilling the hole. The velocity curves are only depicted between −60 < α < 60
because beyond this limit the observed as well as the computed velocities varied to
a large extent. This variation may be explained by the close distance and the large
angle between the source and receiver position.

Stem E, which is depicted in Fig. 5.21 (right), was excited by the actuator of the
USH-system at point 7 and the accelerations were measured by the USH-sensor on
16 points in the circumferential direction. The excitation was a sinus signal with
a frequency of 20 kHz multiplied by a Hanning window (5 cycles). The frequency
of this signal was chosen at one of the resonance frequencies of the USH-sensor to
ensure the excitation signal to be of narrow bandwidth. After the measurements
were done on the sound stem, a cylindrical hole with a diameter of approximately
17 cm was cut of the center of the stem. Fig. 5.21 (left) depicts the v-shaped and
the w-shaped velocity curve of the sound (blue) and the hollow stem (red).
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Figure 5.22: Velocity curve of the decayed stem F for the source 1 (left); stem F
(right).

The decayed Stem F, which is depicted in Fig. 5.22 (right), was excited by the
actuator of the USH-system at point 1 and the accelerations were measured by the
USH-sensor on 20 points in the circumferential direction. The excitation was a pulse
with a large bandwidth at point 1. Such pulses are more appropriate for the first-
break onset picking than narrow band signals. Fig. 5.22 (left) depicts the w-shaped
velocity curve of the naturally decayed stem.

Sound and Hollow Stems with Non-Centric Piths

Stem G, which is depicted in Fig. 5.23, was excited consecutively at all 29 measure-
ment points by the actuator of the USH-system. The accelerations were measured
by the USH-sensor. The excitation was a sinus signal with a frequency of 20 kHz
and multiplied by a Hanning window (11 cycles). The measurements were carried
out on the sound stem and after an eccentric hole with a diameter D=10 cm had
been drilled. Fig. 5.24 depicts the velocity curved of Stem G for the sources 22 (left)
and 29 (right). The velocity curve of the sound stem for source 22 has a similar
nature as the velocity curves of the sound stems B and E. The v-shape changes to a
w-shape for the measurement on the hollow stem. This is in contrast to source 29,
for which the velocity curve of the sound stem is already w-shaped and only changes
slightly for the measurement on the hollow stem.

Stem C (see Fig. 5.15) was excited consecutively on all 20 measurement points by
using the piezo-stack system I. The displacements were measured on the double
thread screws by the laser interferometer and the demodulator. The excitation
was a sinus signal with a frequency of 15 kHz multiplied by a Hanning window (5
cycles). Fig. 5.25 depicts the velocity curves of Stem C for source 1 and 6. The
velocity curves of the sound and the hollow stem for source 6 has a similar nature
as the velocity curves of the Stems B and E. This is in contrast to source 1, for
which the velocity curve of the sound stem is neither v- nor w-shaped and which
only changes slightly for the measurements on the hollow stem. Fig. 5.26 depicts the
velocity curves of all excitation points. For comparing the velocity curves of different
excitation points only the relative location between source and receiver is of interest
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Figure 5.23: Stem G

Figure 5.24: Velocity curve of Stem G for source 22 (left) and 29 (right).

and thus the curves are plotted versus the absolute value of α. The velocity curves
of the circular, sound Stem B (blue) lie close to each other and for α < 40◦ the
variance is smaller < 5%. For the hollow Stem B as well as for the non-circular stem
C, the velocity curves vary significantly in their shapes.

On the non-circular Stem H with a non-centric pith, which is depicted in Fig. 5.27
(right), the same measurements as described for Stem B and C were carried out.
Fig. 5.27 (left) depicts the velocity curves for Stem H, which lie close to each other
and which vary only slightly more than those for the sound Stem B.
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Figure 5.25: Velocity curve of stem C for source 1 (left) and 6 (right).

Figure 5.26: Velocity curves of the Stems B and C versus the absolute angle α.

Figure 5.27: Velocity curves of the Stems B and H versus the absolute angle α.
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5.3.3 Discussion

The velocity curves of Stem H were v-shaped and lie close to each other like the
velocity curves of the circular Stem B. This fact leads one to assume that sound
stems with a non-circular cross-section and a non-centric pith result in v-shaped
velocity curves which vary only slightly in their shape. Both Stem C and Stem G did
not show velocity curves of a similar nature. Since both stems had reaction wood
in a part of the cross-section, the influence of the reaction wood on the velocity
curves is discussed in this section. Fig. 5.28 depicts in a simplified manner the
location of the reaction wood, pith and excitation sources in the Stems C and G.
Comparing Fig. 5.25 with Fig. 5.24 in terms of the reaction wood location, no
systematic behavior can be observed because the velocity curve of Stem G for the
source at the opposite point had a v-shape in contrast to the velocity curve of sStem
C for the corresponding source. For the excitation sources 6 (C) and 29 (G), the
shape of the velocity curve were vice versa, that is, of Stem C it was v-shaped and
of Stem G it was not v-shaped.

Figure 5.28: Location of reaction wood, pith and excitation sources in the Stems C
and G.

The first-break onset picking was visually checked for all measured signals. For Stem
C and G, however, a more precise control was carried out. In the signals measured
on the points 10-14 of Stem C excited at source 1 (see Fig. 5.29, left), it was observed
that the signal onset differed in the shape from other onsets. This different shape
may be caused by incident waves interfering with each other in such a manner that
the amplitude of the first period nearly vanished. If the observed signal onsets of the
points 8-14 result from the previously described interference, then the onsets had
been picked one period too late. Fig. 5.29 (left) depicts the velocities corrected by
one time-period (gray bullets). The resulting velocity curve is similar to the velocity
curves of the sound Stems B and H.

Fig. 5.29 (right) depicts the velocity curve of the sound Stem G for the source 7.
The signals measured on the points 15, 16, 18, 28, 30 showed distorted onsets, which
lead to the assumption that an interference had taken place. Additionally, the signal
measured on point 19 was very noisy, probably caused by the insufficiently coupled
USH-sensor. The first-break onsets of the signals of the points 10-13 were non-
ambiguous. The corresponding velocities were high compared to the others of the
velocity curve. This may be caused by the reaction wood which was present be-
tween point 7-10. Summarizing these results, variability features like reaction wood,
branches and may be non-centric piths as well result in velocity curves with shapes
which are similar to velocity curves of hollow stems. The velocities are not only
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Figure 5.29: Velocity curve of the Stem C for source 1 (left) and of Stem G for
source 7 (right).

influenced by the material parameters of reaction wood and branches which differ
from normal wood, but also by destructive interference which leads to erroneous
onset picking.

5.4 Visualization

The disc of Stem I (Fig. 5.30, right) was excited by the piezo stack system II with a
sinusoidal signal of 20 kHz multiplied by a Hanning window (5 cycles). The measure-
ment was carried out with the Scanning Vibrometer as described in Subsection 5.1.2.
The total measurement time was limited by the drying of the wooden disk. Thus,
for the large amount of scan points, only 10-30 sweeps were averaged at each point.
This is in contrast to all other measurements, where the signals were averaged be-
tween 300 to 1000 times. Because of the low amplitudes and the few averages in
this experiments, the signals of this disk measurement had a low signal-to-noise ra-
tio. Fig. 5.31 depicts the snapshots of the absolute velocity amplitudes. To display
the snapshots the velocity amplitudes were interpolated between the measurement
points. The snapshots can visualize the propagation of the qL-wave. It can be
seen that the wavefront is not triangular as in the simulation (Fig. 4.7). It is not
possible to verify with this measurement the complex phenomena of the qL-wave,
the qT-wave and the surface wave propagation as it was depicted in Fig. 4.7. For
such a verification a higher measurement point density and a lower signal-to-noise
ratio was required. This requirement could not be fulfilled because the disc dried
too quickly and cracked.

The ecorticate Stem D (Fig. 5.30, left) was excited by the piezo stack system II
with a sinusoidal signal of 35 kHz multiplied by a Hanning window (4 cycles). The
velocity of the surface was measured by the laser interferometer and retroreflective
tape enhanced the reflectivity. The location of the measurement points is shown
in Fig. 5.30 (left). The resolution was 2 cm in the tangential and 4 cm in the Z-
direction. Fig. 5.32 depicts the snapshots of the absolute velocity amplitudes. On
the basis of these snapshots, the following conclusions were reached:
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Figure 5.30: Stem D (left) and Stem I (right); the retroreflective tape marks the
measurement points.

1. The wave on the surface travelled much faster in the grain direction than in
the tangential.

2. The angle τ of the energy flow correlated well with the grain angle ζ.

3. The highest amplitudes of the wave on the surface were observed in the grain
direction.

Fig. 5.33 depicts the snapshots of a numerical simulation at the same time as the
measurement is depicted. The three-dimensional trunk model with a diameter of
36 cm was excited like the Stem D. The material parameters used in the simulation
are summarized in Tab. A.2 under ”Surface”. The discretization parameters for the
simulation model were ∆r=0.8 mm, 768 cells in the tangential direction of the outer
of 5 sections and ∆t=1.2·10−4 ms. In the simulation the grain direction is equivalent
to the stem axis. Since the surface wave and the qT-wave that is polarized in radial
direction have similar phase velocities, they are difficult to distinguish near the
source. Even in the snapshots of waves propagating in the RZ-plane (Fig. 4.3) and
in the Rϕ-plane (Fig. 4.11) they are not clearly distinguishable. The high amplitudes
are not as focused in the grain direction as in the measurement. The resolution of the
computed snapshots is more than 100 times that of the resolution of the measured
snapshots. Thus, the minima and maxima can only be identified in the computed
snapshots.

An idea of the proportion of energy that is carried by the surface wave can be
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Figure 5.31: Disc of stem F. The snapshots depict the absolute amplitudes of surface
velocity measured by the laser interferometer of the Scanning Vibrometer.

provided by comparing the maximal amplitudes of the waveforms. For example, the
maximum of the qL-wave measured on the point opposite of the excitation AoppositeqL,max

(36 cm distance in the radial direction) is compared with the maximum of the qL-
wave AgrainqL,max as well as with the surface wave Agrainsurf,max of the signal in the grain
direction (in 30 cm distance):

AgrainqL,max

AoppositeqL,max

= 0.66 (5.1)

Agrainsurf,max

AoppositeqL,max

= 58 (5.2)

These numbers demonstrated that in the case of an ecorticate stem a large amount
of energy is transported by the surface wave.
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Figure 5.32: Wave on the surface propagation of stem D. The snapshots depict the
absolute amplitudes of surface velocity measured by the laser interferometer of the
Scanning Vibrometer.

Figure 5.33: Simulated wave propagation on the surface (radial displacements).
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5.5 Summary of the Experimental Results

Energy flow

In Chapter 5.4 the wave propagation on the surface of a stem was visualized by
measurements and numerical simulations. A great amount of energy was transported
by the wave on the surface in the measuring. This was shown by comparing the
maximum amplitude of the qL-wave with that of the wave on the surface. The
energy of this wave on the surface in the measurement was concentrated in the
grain direction and the angle τ of the energy flow angle correlated well with the
grain angle ζ. In the simulation, the high amplitudes are not as focused in the grain
direction as they are in the measuring.

Do the measurements fulfill the principles of scaling, superposition and reciprocity?

The measurements in Chapter 5.2.2 showed a good agreement between reference
and scaled, superposed as well as reciprocal signals. The traveltimes and peak
locations varied less than 0.8% for experiments with the lab setup and less than 2%
for experiments with the USH-system. The amplitudes of the first two cycles varied
between 9 and 21 % for the lab setup.

Velocity Curves of Sound and Hollow Stems

The experiments showed that sound stems with a circular cross-section result in
v-shaped velocity curves, which vary only slightly in their shape and agree well with
the computed velocity curve. For hollow stems, the observed velocity curves were
w-shaped. The particular shape of these velocity curves depended on the relative
position between source and cavity as well as on the geometry of the cavity.

Variability of Wood and Influence on the Velocity Curves

The velocity curves of a stem with a non-circular cross-section and a non-centric
pith were in accordance with the velocity curves of the circular stem, which was
mentioned above. The measured signals and the velocity curves of two stems, of
which one had a branch and both had a non-centric piths and reaction wood, were
studied. The velocity curves were not in accordance with the curves of the circular
stem. Two reasons were found for the different nature of the velocity curves shapes:
(1) the material parameters of the reaction wood resulted in higher velocities for
α < −45◦ and (2) destructive interference caused erroneous onset picking.

77





Chapter 6

Possibilities and Limitations of
Acousto-Ultrasound Assessment

6.1 Sensitivity Analysis

A sensitivity analysis studies how the variation of the output of a model can be
assigned to different sources of variation [83]. In other words, it is an appropriate
method for comparing the influence of different sources of variation on the model
output. The procedure for this sensitivity analysis was the following:

1. The model was the two-dimensional simulation model with cylindrically or-
thotropic behavior.

2. The velocity curve was chosen as a target function because it is equivalent to
the input data of traveltime inversion algorithms.

3. The target function of the reference model was calculated.

4. The different sources of variation defined by the distribution of the model
parameters were chosen in accordance with the working hypotheses described
below.

5. The target functions of the different distributions were computed.

6. The influence of the different sources was assigned by visualizing the relative
difference between these and the target function of the reference model.

The two objectives of the sensitivity analysis were to determine:

• The size of a centered circular cavity that can be detected by traveltime to-
mography.

• The combination of size and degree of decay that can be detected by traveltime
tomography.

These parameters cannot be determined in general but based on the validity of the
following working hypotheses. The working hypotheses were concluded from the
results of the Chapters 2 to 5 but still require their verification are as follows:
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I. A sound trunk without reaction wood and branches in the investigated planes
results in a v-shaped velocity curve. (see Chapter 4 and 5)

II. It is possible to investigate two planes: (1) a reference plane, for which the
1. hypothesis is valid, (2) a plane where decay is expected and which has no
reaction wood and branches.

III. The limiting factor of the acousto-ultrasound assessment with two planes, as
described in the 2. hypothesis, is the variability of C11 along the fiber direction
of the tree. The variation of C11 is the worst case because it results in the
largest variation for α < 35◦ and above this angle the influence decreases like
for the models with decay (Fig. 6.1).

IV. The decay or the cavity is not detectable by traveltime tomography if its
influence on the velocity curve is of a similar nature as the one of a 19%-
variation of C11.

Figure 6.1: Influence of a 23% increase of the density or a 19% decrease of each of
the elastic moduli on the velocity curve.

Before the models are described, a word needs to be said about degree of inner-
decay. In wood science the early stages of inner decay refer to the beginning of
decomposition of wood constituents which result in a low dry weight loss. The late
stages of inner-decay refer to wood which was decomposed to a large extent and
thus led to a large dry weight loss. The relation between the dry weight loss and
the stiffness of the wood varies for different fungal-host relationships as well as with
environmental conditions. Additionally, the fungal activity influences the moisture
content of the decayed wood and thus its density. Since only phase velocities can be
derived from traveltime tomography, a tomogram will never depict the stage of decay
in the biological sense. A tomogram depicts the velocity distribution in the model
and if a reference tomogram is present, the changes in the velocity distribution can be
visualized. Thus, the degree of inner-decay refers to the relative difference in phase
velocities between the sound and the decayed material. This physically meaningful
definition of degree of inner-decay has to be interpreted based on experience in
assessing trees in order to derive the biologically meaningful estimation.
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The input parameters of the reference trunk model were the density and the elastic
moduli of Spruce No. 2 (Tab. A.1). The outer radius was 18 cm and the inner
0.2 cm. Table 6.1 provides an overview of the variation of input parameters in

Table 6.1: Variation of input parameters with respect to the reference trunk model
to estimate the influence of variability (V...) and decay (hollow: H..., decayed: D...)
in trees. A is the cross section area of the trunk and AD is the area of the decayed
area.

respect to the reference trunk model. The variation of C11 is abbreviated with V.
For the decayed trunks either the inner radius rp is varied (H for hollow) or for
the inner cross-section, which is defined by rD, the density %D = % + ∆%D is varied
(D). This density variations are not realistic but they are appropriate to variate
the velocity cqL. Usually this velocity decreases in the decayed area as the wood
degradation progresses because it causes decrease in stiffness and/or an increase in
the density due to a higher moisture content. Simulating this effect by an increased
density overestimates the influence of the decay for α > 35◦ and α < −35◦ (see
Chapter 4.3.1). The results for the decayed models (D...down) will show how far
fungi, which lead to a decrease of cqL, can be detected. For the sake of thoroughness
also the unrealistic case of an 20% and 40% increase of cqL in the decayed region
is investigated. An increase of cqL in the decayed wood had been observed for the
early stages of decay (for example Schubert et.al. [55]) but a large increase would
result from a decrease in density without the loss of stiffness and/or drying of the
wood. Both, the progressed degradation of the wood constituents without stiffness
loss and the drying of the wood are not realistically. However, the results for this
decayed models (D...up) will show to what extent fungi, which lead to an increase of
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cqL, can be detected.

All simulations were carried out with ∆r=0.5 mm, 256 cells in the tangential direc-
tion of the outer section and ∆t=1.5·10−4 ms.

Results and Discussion

Fig. 6.2 shows the relative difference ∆v/ vRef for the variation of C11 and the size
of the cavity. The significant differences in the influence are for 0◦ < α < 30◦. It
can bee seen in Fig. 6.2 that a cylindrical, centered cavity with a cross-section of
5% can be detected by traveltime tomography, if the assumptions I. to IV. are valid.
The signal-to-noise of the signals s̃, for which the first-break onsets were picked,
amounted to 45-50 dB.

Figure 6.2: Influence of cavity size and variation of C11 on the velocity curves.

Fig. 6.3 shows the relative difference ∆v/ vRef for the variation of C11 and the size
of the decayed area, which has a velocity cqL reduced by (a) 20% and (b) 40%. The
influence of the variation of C11 and a decay with a 20% reduced velocity are not
distinguishable except for a very large decayed area with ∆AD=49% (D4 20 down).
For such a large decayed area, the relation between the thickness of the remaining
sound wood hs and the outer radius of the trunk (ra) is 0.3. This relation hs/ra has
to be <0.3 to fulfill the stability criterion of Mattheck and Breloer [6]. Cylindrical,
centered decayed areas with a 20% reduced velocity can hardly be detected by trav-
eltime tomography, only if the decayed area reaches 49% of the trunk’s cross-section.
For a decay with a 40% reduced velocity this influence is only for small decayed re-
gions similar to the influence of a variation of C11. Cylindrical, centered decayed
areas with a 40% reduced velocity can be detected by traveltime tomography, if the
decayed area is > 10% of the trunk’s cross-section.

Fig. 6.4 shows the relative difference ∆v/ vRef for the variation of C11 and the size
of the decayed area, which has a velocity cqL increased by (a) 20% and (b) 40%.
The influence of the variation of C11 and a decay with a increased velocity are not
distinguishably. From Fig. 6.4 can be seen that cylindrical, centered decayed areas
with an increased velocity cannot be detected by traveltime tomography.

The previous results were for the example Spruce No. 2. The same remarks can be
concluded from the sensitivity analysis for the example Maple No. 1.

82



6.1. Sensitivity Analysis

Figure 6.3: Influence of decay and variation of C11 on the velocity curves.

Figure 6.4: Influence of decay and variation of C11 on the velocity curves.
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6.2 Traveltime and Waveform Inversion

Before the possibilities and limitations of inversion algorithms for the signal-processing
of acousto-ultrasound measurements on trunks are discussed, a brief overview is pro-
vided in this subsection.

Direct methods for the inversion of traveltimes are only known for straight rays (for
example filtered back-projection). The investigated area is discretizised with cells
to which a phase velocity or its inverse the slowness is assigned. Traveltimes can be
described by

tij =
∑
cells

lijkSk, (6.1)

with lijk being the length of the ray in the cell k and Sk the slowness of this cell
in the direction of the ray. If the ray paths are straight, then the lengths lijk are
known and the unknown slowness Sk can be directly calculated. For large velocity
contrasts the paths along which the waves travel are not straight and depend on the
slowness of the cells. Thus, a model with a certain slowness distribution has to be
found for which the computed traveltimes best fit the observed traveltimes. This
optimization problem is the same for waveform inversion as for traveltime inversion.
Fig. 6.5 depicts the simplified iterative procedure for the inversion of traveltimes or
waveforms. For the investigated area, an appropriate model is required, with which
the traveltimes or waveforms are computed. ”Appropriate” implies for traveltime
inversion that the model describes all significant physical processes and includes all
significant parameters to compute the traveltimes. For example, the inversion of the
traveltimes of the qL-wave are sufficiently described by the Eikonal equation. This is
in contrast to waveform inversion, which requires the computation of the waveforms
and their amplitudes. In the case of traveltime inversion the model parameters are
updated by minimizing the squares of the residuals between computed and observed
traveltimes. For a detailed description, see Pratt and Chapman [84]. For inverting
waveforms, it is common to use the steepest decent method, which updates the
model by using the steepest decent of the squared residuals, see for example Gauthier
et.al. [85]. In every step of the iteration, these squared residuals are calculated and
the parameters of the models are updated.

Figure 6.5: Flowchart for a non-linear inversion of traveltimes or waveforms.

Ray-tracing or finite-differences methods can be used for the forward modeling of
traveltimes or waveforms. If strong velocity contrasts are present in the investigated
area, then ray-tracing may lead to numerical instabilities (Pratt and Chapman [84],
Maurer et.al. [36]). Since the degradation of the inner part of a trunk leads to
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large velocity contrast, the finite-differences method is the appropriate method for
computing traveltimes or waveforms.

These large velocity contrasts are only one factor that traveltime tomography on
trunks has in common with geophysical tomography. According to Pratt and Chap-
man [84], geophysical tomography is more difficult than medical tomography because
of three complicating factors:

1. Geometric restriction in source-receiver configurations

2. Large variations in wave velocities

3. Anisotropy

The first factor implies the deficiency of ray paths in certain ray angles and the
low ray coverage. Low ray coverage is a problem for the tomography of trunks,
since the number of receivers is limited by the minimal number of wounds on the
tree. The second factor is present in the tomography of trunks because of the
expected inner wood-decay. The third factor is more pronounced in trees than in
the earth. In geophysics several strategies have been developed to deal with these
three complications (Pratt and Chapman [84]):

1. Regularization of the problem by appropriate constraints. This means incor-
porating a priori information which can be for example a starting model, the
smooth variation of the elastic moduli, the kind of anisotropy and damped
least squares.

2. For large velocity contrasts the straight ray approach is unsuitable because
the rays are curved and thus the appropriate ray-path is unknown. This leads
to a non-linear problem that can be solved by iteration as described above.

3. Appropriate models account for the anisotropy and the computation method
is chosen according to the model.

As mentioned in Chapter 3, traveltime inversion is usually used for generating the
starting model for the waveform inversion. This model must compute the waveforms
in a way that the peaks in the waveforms lie within a half-period of the observed
waveforms.

6.3 Evaluation of a Acousto-Ultrasound Assess-

ment Device for Trunks

The results and the experience of the foregoing chapters are used to evaluate the
inversion algorithm of Maurer et.al. [36] and the USH-device in order to formulate
what is possible now as well as what the possibilities and limitations are of further
developments.
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6.3.1 Measurement System

The two piezo-stack systems used in the lab experiments fulfill the reciprocity. The
combination of piezo-stack system and the receiving laser interferometer provide a
measurement system with which it is possible to study the measured signal forms.
The main disadvantage of using the piezo-stack systems as excitation source in the
field is that they are not powerful enough.

The USH-device was already described in Chapter 5, the specifications are provided
in Appendix B of the Velux-report [34]. The device can be used for exciting trunks
with user-defined signals in the frequency range of 10 to 50 kHz.

It is in general possible to use the USH-measurements for traveltime tomography
because they fulfill the reciprocity and the signal-processing accounts for the time-
delay of the measurement system. For a commercial use a faster measurement
procedure is required. One possible procedure is described in the recommendations
below. The amplitude information of the USH-sensors cannot be used for a priori
information or waveform inversion because the measured signals are significantly
influenced by the sensor. The USH-actuator can be used for a priori amplitude
information.

Recommendations

It is recommended to improve the USH-system for the measurement of traveltimes
and not of waveforms. To develop a appropriate system for measuring waveforms
in the field is not necessary unless the applicability of waveform inversion has been
shown for lab experiments. For determining the traveltimes the preferable excita-
tion signal is a pulse with a large bandwidth. Such pulses are available as excitation
signal in the USH-system. For a commercial use a faster measurement procedure
is required. This can be achieved by the simultaneous measurement on all receiver
locations and thus the USH-sensor must be replaced by small acceleration sensors
that can be attached to screws or nails. For the measurement procedure it is rec-
ommended to excite subsequently on 8 sources, which are uniformly distributed
around the circumference. The 24 receivers are uniformly distributed around the
circumference and the positions of all receivers differ from the source positions.

6.3.2 Signal Processing

State

The signal processing for the elastic waves based tomography on trunks (as de-
scribed in Maurer et.al. [36]) consists of the filtering of the signals, the picking of
the first-break onsets and the inversion. The digital filtering of the data within the
LabVIEWr-program of the USH-device is based on standard algorithms and the
edge frequencies are defined by the user. Maurer et.al. [36] picked the first-break
onsets by means of the Akaike Information Criterion (AIC), which was also used in
this work. Maurer et.al. [36] inverted the traveltimes by minimizing the squares of
the residuals between computed and observed traveltimes. The update procedure
included smoothing and damping by a regularization operator. The traveltimes
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were computed using finite-differences to discretize the Eikonal equation as well as
a ray-path reconstruction. For the two-dimensional model weak anisotropy in the
Rϕ-plane was assumed. This weak anisotropy was implemented by using the ap-
proximation of elliptical anisotropy, with which the velocity v in each cell can be
determined for the certain ray angle θ by

v = cqL,R(1− cqL,R − cqL,T
cqL,R

(sin (θ − φ))2). (6.2)

Where is φ is the angle between the local radial axis of the cell and the global radial
axis for the measurement (α = 0◦). Additionally Maurer’s inversion algorithm
accounts for the time-delay of the measurement system.

This brief description of the signal processing is followed by a discussion of it. The
digital filtering is a standard algorithm. The AIC-picker is independent of empirical
parameters and according to Schechinger [86] this picker showed the best correlation
with the manual picking. The inversion algorithm, which Maurer et.al. used, is state
of the art in geophysical inversion and accounts for all of the three complicating
factors of the tomography of trunks. The only assumption to be verified is the
elliptical anisotropy. Therefore this approximation is compared with the analytically
derived wavefront. Fig. 6.6 depicts the evaluation of Eq. 3.9, the wavefront of the
qL-wave in the Rϕ-plane (blue solid line). Assuming the material behavior of wood
to be of an elliptical anisotropy leads to an approximation of this wavefront (red
dashed line). This approximated wavefront can be calculated by evaluating Eq. 6.2
with θ = 0. It is obvious from Fig. 6.6 that elliptical anisotropy approximates the
wavefront of the qL-wave in the Rϕ-plane very well for the two hardwood examples
but only moderately well for the spruce examples.

What can be Detected with this Method?

Above, it was shown that the USH-device combined with the traveltime inversion of
Maurer et.al. provides an appropriate signal processing method for the elastic wave
based assessment of trees. The input data of traveltime tomography are equivalent to
the velocity curves, which were investigated in Section 6.1. It follows from the results
of the sensitivity analysis that the inner wood-decay of the following specification
can be detected:

• Circular centered cavities with AD > 5%A

• Circular centered decay with 40% reduced propagation velocity in the decayed
region of AD > 10%A

• Circular centered decay with 20% reduced propagation velocity in the decayed
region of AD > 49%A

Fig. 6.7 visualizes these results and provides an idea of what type of decay can
be detected with the acousto-ultrasound assessment of trees under the following
conditions:

• Excitation on minimal 8 source positions and measurement on 24 receiver
positions.

87



Chapter 6. Possibilities and Limitations

Figure 6.6: Wavefronts of the qL-wave (blue solid line) and its approximation by
Eq. 6.2 (red dashed line) for two spruce and two hardwood examples.

• Digital filtering of the measured signals and addition of a small noise signal so
that the signal-to-noise ratio is in the range of 45-50 dB.

• Inverting of traveltimes only of source-receiver configurations that fulfill -60◦ ≤
α ≤60◦.

• Normalizing the results of the investigated plane by a reference plane, while
the hypotheses I. and II. are valid.

• The validity of hypotheses III. and IV.

The certain relation between decayed area and degree of decay can vary slightly for
different species but the sensitivity analysis with the example Maple No. 1 confirmed
that the result for the spruce example is not arbitrary. Inner wood-decay which leads
to no change, to a small decrease or to an increase in the propagation velocity cannot
be detected.

The results of Section 6.1 show only the detectability, not how far the geometry and
the degree of the decay can be resolved reliable by traveltime tomography. This
reliability can only be verified by tomography itself.

Possibilities and Limitations of Further Development

Traveltime tomography of trees can primarily be improved by a reliable reference
measurement that is used to incorporate a priori information into the inversion of the
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Figure 6.7: Limit of detectability for circular centered decay in the two examples
(Spruce No. 2, Maple No. 1).

measurement plane which is expected to be decayed. This a priori information can
be for example: (1) the anisotropy factor, (2) the velocity values for the remaining
sound wood and (3) the decision if the inner wood-decay is a cavity or a region with
a reduced velocity. The first two pieces of information can directly be derived from
the inversion of the reference data. The third piece of information can be derived
from plotting the relative differences of the velocity curves as done in the previous
sensitivity analysis. For a comparison of the influence of cavities and of decay on
the velocity curve see Fig. 6.2 and Fig. 6.3. It can be seen that the influence of those
are distinguishable especially for low degrees of decay.

Another improvement can be the exclusion of the traveltimes of receiver positions
α > 60◦, since those caused erroneous results in the simulations as well as in the
measurements of Chapter 5. The reasons for these erroneous results might be the
short distance and the angle to the source.

One limitation of this assessment method is the variability of wood. As shown in
the sensitivity analysis there seems to be no possibility of detecting decay below a
certain combination of decayed area and degree of decay because of the variability
of C11. This threshold might be acceptable. More challenging are other types of
variability as there are reaction wood or branches. In the experiments (see Chap-
ter 5.3) a similar nature of the velocity curves of softwood stems with reaction wood
and with cavities was observed. The existence of this limitation for hardwoods,
which have reaction wood based on another concept, has to be verified. Until now,
measurements in planes with reaction wood or branches should be avoided. These
features of variability are by far the most limiting factors of acousto-ultrasound
assessment of trees.

Another limitation is the resolution of the geometry, the location and the degree of
decay in the tomogram, which was not investigated in this work. The resolution
of the tomograms will depend not only on the wavelength of the qL-wave and the
distance between the source-receiver positions but also on the a priori information
used for the inversion of the decayed plane. To account for this dependence, it is
recommended to compare several tomograms using different a priori information.

In geophysical tomography, waveform inversion is used to enhance the resolution of
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tomograms. Some ideas of the possibilities and limitations of waveform inversion of
measurements on trees are provided in this paragraph. 3D-simulations were carried
out for a reference model (Spruce No. 1, Tab. A.1), two models that account for
variability (V C11, V C55) and one hollow trunk model (H3). In the two models
V C11 and V C55 the elastic moduli C11 and C55 were one by one 10% increased in
respect to the reference model. The cavity in the hollow trunk model had a radius
of rD = 8.02 cm. All models had an outer radius of 18 cm and a height of 70 cm.
Fig. 6.8 depicts the relative differences in the amplitudes between the models V C11,
V C55 as well as H3 and the reference model. It can be seen that the amplitudes
are very sensitive in respect to the hollow trunk model. Despite material damping is
neglected in the foregoing simulations, this is a promising result in terms of the usage
of waveform inversion for enhancing the resolution of tomography on trunks. For
estimating the potential of waveform inversion a more detailed sensitivity analysis
and modeling of material damping is required.

Figure 6.8: Relative differences in amplitude between the models V C11, V C55
as well as H3 and the reference model. The discretization parameters were
∆r=∆z=1.13 mm, 384 cells in tangential direction in the outer of 5 sections and
∆t=5.3·10−5ms.

Geometrical spreading, mode conversion and damping limit the waveform inversion
of measurements on trees. Waveform inversion requires an appropriate modeling of
the amplitude. The theoretical considerations of Chapter 3 reached the conclusion
that geometrical spreading is more complex and a more important factor in wood
than in the earth. The visualization in Chapter 5.4 by experiments and simula-
tions showed a large amount of energy that is carried by the surface wave. 3D-
or 2.5D forward modeling of the waveforms accounts for geometrical spreading and
mode conversion effects. This 3D- or 2.5D modeling requires a large amount of
computation time and thus is expensive. As shown in Chapter 3, the energy flow is
significantly influenced by out-of-plane elastic moduli (C33, C55, C13). These elastic
moduli cannot be estimated by inverting the traveltimes in an investigated Rϕ-
plane. Thus, it is difficult to generate an appropriate 3D or 2.5D starting model for
waveform inversion to find a global minimum. A more efficient approach could be to
use amplitude sensitivity data (like in Fig. 6.8) for estimating a priori information
for the inversion of the decayed plane.
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Chapter 7

Concluding Remarks

This work has aimed at strengthening the mechanical knowledge of the acousto-
ultrasound assessment of trees. Fig. 7.1 visualizes the support this work provides for
the usage and the development of signal processing and measurement system. The
results and conclusions regarding particular points are summarized in Section 7.1.
The possibilities and limitations of traveltime tomography are summarized in Sec-
tion 7.2.

Figure 7.1: An idea of how acousto-ultrasound assessment of trees might work in
the future and the support this work provides for the signal processing and the
measurement system.

Fig. 7.1 also visualizes one idea of how acousto-ultrasound assessment of trees might
work in the future. This idea is described in this paragraph and further steps for
realization are recommended in Section 7.3. Two or more planes are investigated,
where one is the appropriate reference plane. Being able to choose these planes
requires a certain knowledge of wood science. The output of traveltime inversion is

91



Chapter 7. Concluding Remarks

a tomogram, which accurately maps the relative changes in the velocities. Thus, the
geometry and the location of the inner-decay are determined. Estimating the stage
of the inner-decay requires an interpretation based on experience in assessing trees.

7.1 Mechanical Background

Wave Propagation Phenomena Elastic waves were visualized by means of snap-
shots of 2D and 3D numerical simulations for certain examples of trees. The
snapshots as well as the slowness and wave surfaces showed the complexity
of elastic wave propagation in wood. This complexity was reduced to a rea-
sonable degree in order to evaluate acousto-ultrasound assessment tools. The
results of this reduction were the velocity curve diagrams and the discus-
sion of the energy flow. It was shown by comparison of simulated snapshots
and analytically derived wavefronts that the analytical wavefront calculation
approximates the situation in the RZ-plane very well.

Velocity Curves The velocity curve is the curve defined by the average velocity
between one source and the receivers versus the locations of the receivers. In
a simple and physically meaningful manner, this curve visualizes the results of
measurements and simulations and thus provides a tool for comparing results.
In the simulations as well as in the experiments, the velocity curve of sound
stems without reaction wood was v-shaped and of hollow stems was w-shaped.
The variations of this shape due to different anisotropy factors or density dis-
tributions were studied in Chapter 4.3.1. Since the velocity curve is equivalent
to the input of traveltime inversions, it is also a useful tool for two further
purposes: (1) supervising the input data of traveltime tomography and (2)
evaluating the sensitivity of traveltime tomography to certain geometries and
degrees of inner wood-decay.

Energy Flow The snapshots of the 3D simulations showed the geometrical spread-
ing. The sensitivity of the energy flow to the out-of-plane elastic moduli was
derived from the wave surface calculations in Chapter 3. Both aspects are
disadvantageous to the waveform inversion. The visualization measurements
on the ecorticate stem showed that the amplitudes of the wave on the sur-
face are significantly higher in the grain direction. If this can be observed on
stems with bark as well, then this energy concentration represents a promising
possibility for determining the grain angle of standing trees.

Reciprocity Traveltime and waveform inversion assume that the investigated ma-
terial fulfills the reciprocity principle. The experiments on stems with the lab
setup fulfilled this principle. According to the first-break onsets, the exper-
iments on stems with the USH-device fulfilled this principle as well. Thus,
both measurement systems can be used for traveltime tomography.

Misinterpretation of Results If two or more different material parameter dis-
tributions result in the same traveltimes, then these similarity misleads the
inversion procedure and causes wrong results. In the experiments of two soft

92



7.2. Possibilities and Limitations

wood stems with reaction wood the traveltime results were similar to the result
on hollow-stems.

Degree of Inner-Decay In wood science, the degree of inner-decay is mainly mea-
sured by the dry weight loss. This dry weight loss provides no direct infor-
mation about the decrease or increase in the stiffness because of the huge
variability of the degradation pattern. The only useable factor for describ-
ing the degree of inner-decay in terms of acousto-ultrasound assessment is the
change in the wave propagation velocities. This change in velocity includes
changes of all factors (1) the dry density, (2) the stiffness and (3) the moisture
content.

7.2 Possibilities and Limitations of Traveltime To-

mography on Trunks

The sensitivity analysis in this work showed how the detectable decay is charac-
terized in terms of the proportion of decayed cross-section and the decrease in the
velocity in the decayed area (see Fig. 6.7). This result points out both the pos-
sibilities and the limitations of traveltime tomography for the assessment of trees
under the mentioned conditions. Until now this possibility has not always been fully
utilized, since the combination with reference measurements and/or the exclusion
of reaction wood and other misdirecting factors has been missing.

It has been formulated in this thesis which kind of decay can be detected but the
question still remains open as to how the velocity distribution in the tomogram can
resolve the geometry and the location in a reliable manner. This question can only
be answered by means of traveltime tomography. However, there are two approaches
for enhancing the resolution of the tomographic results. One approach commonly
used in geophysics to enhance the resolution of tomography is waveform inversion.
Since the energy flow of the traveling waves in trees is very complex and sensitive
to the out-of-plane elastic moduli, it is very difficult to construct an appropriate
model for waveform inversion to find the global minimum. Thus, this work proposes
another approach. This alternative is based on the restriction of the traveltime
inversion by a priori information. This information can be derived by comparing
the velocity and the amplitude curves of the decayed and the reference plane.

7.3 Further Steps

Certain working hypotheses of the last chapter have not been verified in this work.
Thus, the first steps recommended by the author are:

• Verifying whether sound green hardwood trunks result in v-shaped velocity
curves.

• Verifying whether reaction wood in sound, green hardwoods trunks has an
influence on the v-shape of the velocity curves.
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• Studying how branches in sound, green hardwood influence the velocity curves.

Based on the results of this verification, a strategy must be developed for finding
reliable reference planes and avoiding reaction wood and branches. Afterwards, a
statistical verification of the resolution of the tomographic results is required and
the experiments can be used to gain experience for estimating a priori information
from the velocity and amplitude curves.

Additionally, a user-friendly and time-efficient measurement system is required.
Therefore, the following changes for the USH are recommended:

• The use of pulse signal for the excitation.

• Simultaneous measurement on all receiver locations by small acceleration sen-
sors.

• Excitation on 8 source positions and measurement on 24 receiver positions.

• Providing a data acquisition system for recording the geometry of the stem.

• Coupling the data acquisition of measurement and geometry with the signal
processing.

• Providing signal processing, which filters the signals digitally, adds a small
noise signal, picks the first-break onsets, displays the velocity curves and
inverts the traveltimes of source-receiver configurations that fulfill -60◦ ≤
α ≤60◦.

• Attaching the cable of the actuator by a connector, so that the cable is not
drilled while drilling the actuator into the tree.

In the early stages of inner wood-decay, it is possible that the moisture content is the
significant factor influencing the wave velocities of the decayed area. Hence, studying
this moisture content may provide a better understanding of the detectability of the
early stages of inner wood-decay. If in the early stages the moisture content has the
largest influence, tomographic methods based on electrical resistance or microwaves
may be advantageous to the acousto-ultrasound method because they are sensitive
to moisture.
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Table A.2: Density and elastic moduli for the simulations in Chapter 4 and 5.
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Appendix B

Rolling Shear Modulus and
Damping Factor of Spruce and
Decayed Spruce Estimated by
Modal Analysis

Published in Holzforschung, Vol. 60, pp. 78-84, 2006

The coordinate system in this article differs from the coordinate system
used in the thesis.

Abstract

Modal analysis was used to determine the rolling shear modulus of Norway spruce
samples that were either untreated and inoculated by fungi. The resonance frequen-
cies of centimeter ranged cuboids were measured using contact-less laser interfer-
ometry. A three-dimensional theoretical model describing the orthotropic behavior
of the material was used to calculate the resonance frequencies. Using an iterative
scheme based on the least squares method, the value of the rolling shear modulus was
then extracted. In this first investigation, the decrease in the rolling shear modulus
and the weight loss of Norway spruce inoculated with white-rot fungi Heterobasidion
annosum and Ganoderma lipsiense were studied for three different exposure times
ranging from 4 to 12 weeks. Comparison of measured and theoretical resonance
frequencies confirmed that operation was in the applicable range of the theoretical
model for the inoculated specimens. A decrease in rolling shear modulus of up to
10% (H. annosum) and 50% (G. lipsiense) was found.
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B.1 Introduction

Fungal wood degradation results in considerable losses in the commercial value of
the logs and hazards to the environment by loss of stability. Wood decay leads to
decreases in weight and stiffness, as well as to changes in the damping factor and
moisture content. This influences the velocity of structural waves of the material
and natural frequencies of wooden structures. The aim of this work was to study
the first three of these factors in an appropriate frequency and deformation range
according to non-destructive testing methods using sound propagation or vibrations.
These methods might be used to determine the state of degradation.

Until now most investigators have studied the velocity of the longitudinal wave
propagating along the fiber axis vL (Niemz et al. 2000) or perpendicular to the
growth rings vR of wood (Wilcox 1988, Schwarze and Fink 1994) in specimens of
centimeter size using frequencies from 300 Hz to 1 MHz. According to Bauer and
Kilbertus (1991) vR and the velocity of transverse waves propagating along either
the radial or the tangential axis and each polarized with the other direction (along
the R or T axis; vRT ) were significantly more sensitive to decay due to the brown-
rot Gloeophyllum trabeum than the velocities of all other principle directions. For
the white-rot Coriolus versicolor the sensitive velocities were the velocity of the
longitudinal wave propagating tangential to the growth rings, vT and again vRT .

”Ultrasonic tomography” of standing trees, as proposed by Divos and Szalai (2002)
and Rust (2000), is based on time-of-flight measurements of the quasi-longitudinal
wave in the radial-tangential plane on many points around the cross-section. De-
pending on the wavelength (λ = vf−1 where f is the frequency) and the diameter of
the trunk, a reasonable frequency range for measurements of this kind is 10-50 kHz.
Another common approach for non-destructive testing in wood science and in many
other fields is modal analysis, recently applied to standing trees by Axmon et al.
(2002, 2004). Natural frequencies, which were supposed to be sensitive to Heteroba-
sidion annosum decay of Norway spruce, corresponded to the ”ovaling” mode and
were in the range of 50 Hz to 2 kHz. The frequency of this ovaling mode depends
on the diameter of the trunk, the density and the elastic constant C44 = GRT of
the material, i.e. the velocity of the transversal wave vRT =

√
GRTρ−1 , which was

shown to be sensitive to decay in a study by Bauer and Kilbertus (1991).

Before the approach of Axmon et al. (2002, 2004) can be investigated theoretically,
knowledge of the influence of fungal decay on density and the shear modulus GRT is
required. The shear modulus GRT is by far the lowest elastic constant of softwood,
and thus the lowest natural frequencies of a wooden cube depend only on GRT .
Hence, modal analysis of small wooden specimens was chosen in this work (see
Fig. B.1). The frequency and deformation range of the non-destructive methods
mentioned are also satisfied by this method (5-15 kHz and µm-range of deformation).
Experimental modal analysis identifies the natural frequencies of the specimens. In
addition, natural frequencies need to be calculated using a theoretical model. Thus,
GRT was determined using an iterative scheme obtained by a least-squares fit. In the
literature, this method is often called resonant ultrasound spectroscopy (RUS), as
reviewed by Migliori et al. (2001). As the material damping of wood is significantly
higher than the damping of the materials used for RUS to date, modifications of
the experimental set-up and in data processing were required. The shear-modulus
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GRT and the damping of untreated and inoculated Norway spruce (Picea abies) were
determined by RUS in this investigation.

Two important white-rot fungi, Heterobasidion annosum and Ganoderma lipsiense
(Etheridge 1955, Worrall et al. 1983, Rayner and Boddy 1988), were chosen. Ac-
cording to the literature, H. annosum leads to a preferential degradation of lignin
in Norway Spruce for both in naturally decayed (Blanchette 1984) and laboratory
decayed (Schwarze et al. 1997) wood. Blanchette et al. (1985) reported that G.
lipsiense leads to selective delignification or simultaneous degradation of lignin and
cellulose in birch wood under natural or laboratory decay conditions, respectively.

B.2 Materials and Methods

Specimens, Fungal Treatment and Climate Condition

Clear wooden samples (Fig. B.1) were sawn from a board of spruce (Picea abies)
tangential to the growth rings. Untreated specimens were conditioned at 20◦C and
65% relative humidity, before the shear-modulus GRT was determined. The num-
ber of measured specimens and their distribution over the exposure times are listed
in Tab. B.1. Subsequently the samples were dried at 103◦C, weighed individually
and sterilized with ethylenoxid to avoid contaminations with other fungi. To estab-
lish appropriate conditions for colonization by Heterobasidion annosum (DSM 2728,
EMPA Nr. 620) and Ganoderma lipsiense (Uni Freiburg 250593.1, EMPA Nr. 646)
all specimens were steamed twice for 10 min to acheive moisture content of >28%.
The samples were inserted into Kolle flakes containing agars, covered with mycelia
of either H. annosum. or G. lipsiense; exposure was carried out at 22◦C and 75%
humidity. At the end of each exposure period, all adherent mycelia were removed
and the specimens were weighed in order to estimate the moisture content. Before
applying RUS, the decayed specimens were again conditioned at 20◦C and 65% hu-
midity. The dry weight losses and the moisture content after sample degradation
were assessed by drying at 103◦C.

Figure B.1: Definition of the coordinate system and geometry of the cube (left) and
the cuboid (right). L, R and T refer to the longitudinal (fiber), radial and tangential
directions, respectively.
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Table B.1: Number of specimens for which the shear modulus GRT was determined.

Resonant Ultrasound Spectroscopy (RUS)

Experimental Set-Up

The experimental set-up for RUS is shown in Fig. B.2a. A white noise signal was
generated by a function generator (Stanford Research DS345), while the bandwidth
of the signal was restricted to 0 kHz to 25 kHz by a low-pass filter (Krohn-Hite
3988). The piezoelectric transducer (2.80x3.85x1 mm or 2.15x2.15x1 mm, mass
mp<2% of the specimens mass) glued on the specimen surface changes its thickness
according to the applied amplified (Krohn-Hite 750) electrical field and excites the
specimen. Displacement of the sample surface was determined using a heterodyne
laser interferometer (Polytech OFV3001), while retro-reflective tape on the spample
surface enhanced the necessary reflection. A demodulator (MH PD4) was used
because of the low displacement range, as explained by Dual et al. (1996). Since all
expected resonance frequencies were above 1000 Hz, a high-pass filter at 500 Hz was
applied to the measured signal and it was digitized by an A/D converter (NI 5911)
with 1 MHz sampling rate and an effective vertical resolution of 17.5 bit.

Signal Processing

Resonance frequencies fj and damping factors δj were determined by a Matrix Pencil
algorithm as described by Hua and Sarkar (1990). The condition for applying this
method is that the amplitude y(t) of the signal can be described by a finite sum of
M exponential functions,

y(t) =
M∑
j=1

Aje
−δjtei2πfjt + n(t), (B.1)

where Aj is the complex amplitude, fj is the frequency, δj is the damping factor of
the j-th harmonic part, n(t) is the measurement noise and i is the imaginary unit.
The energy content of the noise signal used is low and uniformly distributed within
the frequency range considered. Hence, the structural response within the range
considered has a finite number of frequencies of high energy content - the resonance
frequencies - and can be written in the form of Eq. B.1. All steps of the signal
processing procedure are described in Fig. B.2b.
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Figure B.2: (a) Experimental set-up and (b) signal processing procedure.

Theoretical Model

The finite element method (FEM) may be used to calculate resonance frequencies,
but in RUS a much faster method, based on a parametrical description of the de-
formation state, is necessary. As proposed in Demarest (1971), the components of
the displacements were expressed using Legendre polynomials

uTi (x, t) = qTi P(x), with i = 1, 2, 3 (B.2)

where qi is the time-dependent unknown coefficient vector and P is a matrix with
polynomials describing the deformation state of the cuboid,

P(x) = [p1, p2, ..., pN ] with pj = Pm

(x1

b

)
Ps

(x2

c

)
Pr

(x3

d

)
(B.3)

Where P is a the Legendre polynomial of the order m, s or r and b, c and d are the
dimensions of the cuboid. For correct description of the deformation, it is necessary
to satisfy the completeness of the polynomial approach, and therefore all possible
permutations of the Legendre polynomial orders m, s and r for m, s, r = 0, 1, ..., L
subjected to m+ s+ r ≤ L , are selected. Hence, the size of P is N = (L+ 3)(L+
2)(L+ 1) , where L is the maximum polynomial order.

Hooke’s law σ(x, t) = Cε(x, t) is used to describe the relation between the stresses
σ and the linear strains ε in terms of the stiffness tensor C, where linear kinematic
relations give ε = LqT with L being a matrix containing the spatial derivatives of
P. With the separational approach for the coefficients q(t) = aeiωt in Hamilton’s
principle, the following eigenvalue problem was derived,
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(−ω2M + K(C))a = 0, (B.4)

with the matrix of mass M and stiffness K

M =

∫
V

ρPPTdV and K =

∫
V

LCLTdV. (B.5)

Implementing the effect of the piezoelectric element mass mp, the matrix M was
extended to,

M =

∫
V

ρPPTdV +

∫
Sp

mp

Sp
PPTdS, (B.6)

where Sp is the surface area onto which the piezoelectric element was glued. The
accuracy of the model with the piezoelectric element was checked by comparing
the results with finite element calculations using 3D-solid elements. The difference
between FE calculations and the polynomial approach of polynomial order L = 15
was approximately 0.02% and 0.6% for the first and the second resonance frequency,
respectively, where the CPU-time required by the polynomial approach is less than
1/50th of that for FE calculations.

Figure B.3: Relative difference in the resonance frequencies for a 10% higher value
of the corresponding element of the stiffness tensor.

Iterative Scheme

Since no closed form solution exists for the elements of the stiffness tensor C in
Eq. B.4, an iterative scheme was applied to solve the inverse problem. Reasonable
starting values for the stiffness tensor C were chosen. As described in the Introduc-
tion the lowest natural frequencies mainly depend on C44, and thus the iteration
scheme was only carried out for this elastic constant. The new values for Cn

44 were
derived from the least squares method, minimizing the error between the measured
fi and calculated f cali frequencies
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F (C44) =
M∑
i=1

(f cali − fi)2, (B.7)

subjected to Eq. B.4. Applying the Taylor expansion around the initial value C0
44,

the value for the next iteration step was obtained,

Cn
44 = C0

44 + ∆C44, with ∆C44 = F (C0
44)

([
∂F (C44)

∂C44

]
C44=C0

44

)
(B.8)

The new value Cn
44 is a better estimation than C0

44 and is used for the subsequent
step. The iteration was carried out until the changes in the values of the stiffness
tensor are sufficiently small. For the results shown in the next section, the element
C44 was determined by fitting the first two resonance frequencies; see Fig. B.3 for the
dominant influence of C44. For completeness, the values used for the stiffness tensor
C were: C11=15600, C22=950, C33=650, C12=640, C23=350, C13=510, C55=750,
C66=800, all in MPa; the starting value for C44 was 35 MPa. By varying each
value of the stiffness tensor C by approximately 10% the relative differences of the
extracted C44 varied by only 0.003 to 0.17 %.

B.3 Results and discussion

The elastic constant C44 = GRT of the untreated wood was determined for 47 speci-
mens as shown in Fig. B.4. The mean value ḠRT=33.2 MPa ± 3 MPa, with a mois-
ture content (MC) of 12.5% ± 0.5% is in accordance with literature, see Tab. B.2.
To compare the damping behavior of different specimens or materials it is common
to define the attenuation factor D = δ(2πf0)

−1 where f0 is the resonance frequency.
The attenuation factor D was determined for 41 specimens, with a mean value of
D=0.016 ± 0.001.

Table B.2: Rolling shear modulus GRT values reported in the literature.

The shear modulus GRT of one control specimen was measured before and after
the drying process to estimate the influence of the oven-drying. Before both mea-
surements, the sample was conditioned under climate conditions 20◦/65%. The
estimated difference in GRT was +2.3 %, while the moisture content decreased from
12 % to 11 %.
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Figure B.4: Shear modulus GRT of 47 untreated specimens as a function of density
ρc at 20◦C and 65% RH. Mean values: ḠRT=33.2±3 MPa and ρ̄c=450±20 kg m−3;
R=0.56.

Despite the fact that both pathogens had completely grown over the specimens after
the first exposure time, G. lipsiense and H. annosum showed diverse destructive ac-
tivity. The GRT values of of the 30 specimens degraded by G. lipsiense, depicted in
Fig. B.5a, are distinguishably lower values (down to 50%) than for untreated speci-
mens. According to the lower mass loss after 4 and 8 weeks, H. annosum, degraded
the wood constituents more slowly than G. lipsiense. The effect on the elastic con-
stant GRT was small and could only be distinguished after 12 weeks of exposure
(Fig. B.5b). Both pathogens resulted in slightly higher values for the attenuation
factor D for inoculated compared to untreated specimens, where the deviation was
larger for inoculated samples. The theoretical model used for the calculation of the
frequencies considers an orthotropic and homogeneous cuboid. Because of fungal de-
cay, the inhomogeneity may increase and the geometry may differ slightly from the
cuboid. The differences between the measured and calculated natural frequencies are
a measure for the commensurability of the model. For untreated specimens, these
differences for the first and second natural frequency were 0.7 % on average, and
a maximal error of 2 %. For samples decayed by G. lipsiense, the mean difference
(1.0/1.4/1.7%) and maximum error (1.7/2.5/5.5%) increased with exposure time
(4,6, and 8 weeks, respectively). The mean values demonstrate that the specimens
were still in good agreement with the model. No significant changes could be ob-
served for H. annosum based on the mean difference (0.4/0.6/0.4 %) and maximum
error (1.3/2.6/1.6% for 4,6, and 8 weeks, respectively).

The weight loss, stiffness, damping and MC results for all inoculated specimens are
summarized in Tab. B.3. The equilibrium MC of the untreated and the decayed
specimens differed slightly, but did not result in significant changes in GRT . Rela-
tive changes in the shear-modulus GRT were analyzed for half of the specimens by
measuring their values before and after the exposure under climate conditions of
20◦C/65% RH. The results of the relative measurements depicted in Fig. B.5 show
the different relations between the decrease in stiffness and the weight loss of speci-
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Figure B.5: Rolling shear modulus GRT as a function of weight los due to (a) G.
lipsiense and (b) H. annosum. (c) Relationship between the decrease in GRT and
weight loss.

mens decayed by H. annosum and G. lipsiense. Because of the potential influence
of the mass of fungal mycelia on the weight loss, no linear regression analysis was
carried out for the data in Fig. B.5. The importance of relative measurements should
be emphasized. For specimen Nr. 83 in Fig. B.5, the high GRT value after exposure
is only due to the large stiffness value for the untreated specimen (Fig. B.4), as the
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percentage decrease in GRT is similar to that for the other samples.

The motivation for this study was to assess the influence of fungal wood decay
on elastic waves or resonances, which might be used for non-destructive testing of
standing trees. Therefore, the significant information is the change in the relation
between stiffness and density, i.e., the wave velocity and impedances. In our case, the
variation in the velocity of the transverse wave vRT =

√
GRTρ−1 and the impedance

zRT =
√
ρ ·GRT describe the influence. Consequently, the velocity vRT in a decayed

region was related to the values for the untreated wood by the coefficient dvRT

dvRT
=
vDRT
vRT

, with vDRT =

√
GD
RT

ρD
, (B.9)

where the superscript D indicates the values are for a decayed specimen. By analogy,
the coefficient dvRT

for impedance was defined, which describes the reflection of the
transverse wave. These coefficients were calculated using the results of the relative
measurements in Tab. B.4. As can be observed in Fig. B.6, the velocity vRT and
impedance zRT were sensitive to the degradation pattern of G. lipsiense. Thus,
analysis of the wave propagation and reflection phenomena or resonances represents
a promising non-destructive method for detecting areas decayed by G. lipsiense. On
the other hand, degradation by H. annosum in the early stages was neither sensitive
to velocity nor impedance.

Figure B.6: Wave velocity vRT and impedance zRT of inoculated specimens as a
function of velocity and impedance of the untreated specimens.

Until now, the change of MC because of fungal activity has been neglected in valua-
tion of velocity vRT . For these laboratory-decayed specimens, the higher MC would
lead to an approximately 22 % and 14 % higher density for H. annosum and G. lip-
siense, respectively, and a reduced shear modulus. Therefore, the reduction in vRT
due to the MC would be relevant in comparison with the decrease in stiffness after
decay by H. annosum. Comparing this result for H. annosum in Norway spruce
with the results reported by Schwarze (1995), who measured the velocity vR for
spruce decayed by H. annosum and control specimens after 12 weeks of exposure, it
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is evident, that the changes of velocity at stages with small weight loss were because
of the higher MC not rather than a decrease in stiffness due to decay.

Table B.3: Number of specimens for which the shear modulus GRT was determined.

Table B.4: Number of specimens for which the shear modulus GRT was determined.

B.4 Conclusions

Resonant ultrasound spectroscopy was successfully applied to specimens of Norway
spruce to determine the shear modulus GRT and the attenuation factor D in the
required frequency range. The orthotropic behavior of wood was correctly described
in the three-dimensional theoretical model and the measurement was contact less
and non-destructive. Thus, the method allows evaluation of relative changes in GRT

due to fungal decay or different climate conditions. The latter is also interesting
for research in mechanical pulping to investigate a non-local rolling shear modulus
and other elastic constants of plywood and solid wood panels, although a different
geometry may be required.

Our results showed that the agreement required for the model and modeled object
was met for untreated and inoculated specimens. Hence, this method can be used
to study the variation of GRT and damping D for various kind of host-fungus rela-
tions. For G. lipsiense, the decrease in GRT resulted in a significant change in the
transverse velocity vRT and the impedance zRT . Whereas, degradation by H. an-
nosum showed no significant influence on the relation between decrease in stiffness
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and weight loss. Comparison of this result with other studies of laboratory decayed
wood confirms that the wave velocity and impedance are influenced in the early
stages of H. annosum decay in Norway spruce by the changes of MC rather than by
degradation. Since the fungal influence on the MC in laboratory-decayed specimens
cannot be conferred to naturally decayed wood, we proposed to study the influence
of fungi on the MC in standing trees.
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Some Figures and Illustrations

Figure C.1: Crystalline and amorphous regions of the microfibril, from Wa-
genführ [41].
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Appendix C. Some Figures and Illustrations

Figure C.2: Growthrings of red oak (left) and chestnut (right), from Wagenführ [41].

Figure C.3: Longitudinal Youngs-modulus versus mean microfibrilangle, from
Dinwoodie[44].
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Figure C.4: Radial Youngs-modulus versus percentage of wood rays in the tissue,
from Bodig [37].

Figure C.5: Effect of density on the longitudinal Youngs-modulus for spruce speci-
men with an MC of 14%, from Kollmann [43].
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Figure C.6: Types of planes, from Musgrave [60].

Figure C.7: Qualitativ comparison between signals measured by USH-sensor and
laser interferometer, from progress report of the Velux-project [75].
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Glossary of Terms used in Wood
Science

Bark ”A non-technical term used to cover all the tissues outside the xylem cylinder
[outside the wood].” Wood Anatomy Glossary [89]

Barrier wall A barrier wall is a growth ring consisting of more parenchyma and
fungicide extractions than normal growthrings and is produced by the cam-
bium at the time of injury of the cambium.

Cambium ”A thin layer of tissue between the bark and wood that repeatedly
subdivides to form new wood and bark cells.” Wood Handbook [88]

Compression wood ”Abnormal wood formed on the lower side of branches and
inclined trunks of softwood trees.” Wood Handbook [88]

Earlywood ”The portion of the growth ring that is formed during the early part
of the growing season.” Wood Handbook [88]

Extractives ”A substance in wood, not an integral part of the cellular structure,
that can be removed by solution in hot or cold water, ether, benzene, or
other solvents that do not react chemically with wood components.” Wood
Handbook [88]

Fiber ”A general term of convenience in wood anatomy for any long, narrow cell
of wood or bast other than vessels and parenchyma.” Wood Anatomy Glos-
sary [89]

Fiber saturation point ”The stage in the drying or wetting of wood at which
the cellwalls are saturated and the cell cavities free from water.” Wood Hand-
book [88]

Grain direction The direction of the fibers and tracheids in wood or lumber.

Growthring ”The layer of wood growth put on a tree during a single growing
season.” Wood Handbook [88]

Hardwoods ”Generally one of the botanical groups of trees that have vessels or
pores and broad leaves, in contrast to the conifers or softwoods.” Wood Hand-
book [88]

Hardwood The wood of hardwoods.
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Heartwood ”The wood extending from the pith to the sapwood, the cells of which
no longer participate in the life processes of the tree.” Wood Handbook [88]

Hemicellulose Carbohydrates similar to pure cellulose.

Holocellulose A collective term for cellulose and hemicellulose.

Latewood ”The portion of the growthring that is formed after the earlywood for-
mation has ceased.” Wood Handbook [88]

Lumen The cell cavity.

Microfibril Microfibrils are bundles of a few hundred cellulose molecules, which
are laterally closely linked by glucose units. Microfibrils are apparent in all
principal cell wall layers.

Parenchyma cells ”Short cells having simple pits and functioning primarily in
the metabolism and storage of plant food materials [e.g. hardwoods].” Wood
Handbook [88]

Pit ”A recess in the secondary wall of a cell, together with its external closing
membrane; open internally to the lumen.” Wood Anatomy Glossary [89]

Pith ”The small, soft core occurring near the center of a tree trunk, branch, twig,
or log.” Wood Handbook [88]

Rays, wood ”Strips of cells extending radially within a tree and varying in height
from a few cells in some species to 4 or more inches in oak.” Wood Hand-
book [88]

Reaction wood A collective term for compression wood and tension wood.

Sapwood ”The wood of pale color near the outside of the log.” Wood Handbook [88]

Softwoods ”Generally, one of the botanical groups of trees that have no vessels
and in most cases, have needlelike or scalelike leaves, the conifers ... .” Wood
Handbook [88]

Softwood The wood of softwoods.

Tension wood ”Abnormal wood found in leaning trees of some hardwood species
and characterized by the presence of gelatinous fibers and excessive longitudi-
nal shrinkage.” Wood Handbook [88]

Tracheid ”The elongated cells that constitute the grater part of the structure of
the softwoods ... .” Wood Handbook [88]

Vessels ”Wood cells in hardwoods of comparatively large diameter that have open
ends and are set one above the other to form continuous tubes called vessels.”
Wood Handbook [88]
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tomographie von Bäumen. Biologie in unserer Zeit, 20(4):193–200, 1990.

[21] A. Habermehl, G., and H.W. Ridder. Computer-Tomographie am Baum. Ma-
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Institute for Building Materials, EMPA Dübendorf, Structural Engineering Re-
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tems

Oct. 2004 - Feb. 2005 Teaching assistant at the Institute of Mechanical Sys-
tems

June 2002 - Nov. 2002 Internship at the Structural Engineering Research Lab-
oratory, Empa Dübendorf

Oct. 2000 - April 2001 Practical training at Schmitt, Stumpf, Frühauf and Part-
ners, Munich, Germany

Oct. 1998 - Oct. 1999 Research assistant at the Institute for Construction, TU
Dresden

July 1996 - Aug. 1996 Practical training at Redelbach, Roden, Germany

May 4, 2007


